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Stepping Back; Moving Forward 


THE CONTROVERSIAL E-MAILS RELATED TO CLIMATE CHANGE, PLUS REPORTED ERRORS IN THE 
Intergovernmental Panel on Climate Change (IPCC) reports, have spurred a dangerous dete- 
rioration in the rational relation between science and society. One U.S. senator has called 17 
prominent climate scientists criminals, and pundits have suggested that climate scientists 
should commit suicide. Fourteen U.S. states have filed lawsuits opposing the federal regu- 
lation of greenhouse gas emissions, some asserting that “climate change science is a con- 
spiracy.” South Dakota even resolved that there are other “astrological” forcings on climate. 
Scientists have been barraged by hateful e-mails. The debate has become polarized, and the 
distrust of scientists and their findings extends well beyond climate science. What can be 
done to repair society’s trust in science? A broader perspective is needed on all sides. 

The main societal challenges—global energy supply, growing the food supply, and improv- 
ing public health, among others—depend intimately on science, and 
for this reason society requires a vigorous scientific enterprise. Our 
expanding global economy is taxing resources and the environment 
in ways that cannot be sustained. Science provides a deep under- 
standing of these impacts and, as a result, the ability to predict con- 
sequences and assess risks. 

Addressing anthropogenic climate change exemplifies the chal- 
lenges inherent in providing critical scientific advice to society (see the 
Policy Forum on p. 695 and Letter on p. 689). Climate is as global as 
today’s economy; we know from archaeological and historical records 
that an unstable climate has disrupted societies. For these reasons, 
scientists and governments are jointly committed to understanding the impacts of climate 
change. Thousands of scientists have volunteered for the IPCC or other assessments. Govern- 
ments have a vested interest in the success of these assessments, and the stakes are high. 

We thus must move beyond polarizing arguments in ways that strengthen this joint com- 
mitment. The scientific community must recognize that the recent attacks stem in part from 
its culture and scientists’ behavior. In turn, it is time to focus on the main problem: The IPCC 
reports have underestimated the pace of climate change while overestimating societies’ 
abilities to curb greenhouse gas emissions. 

Scientists must meet other responsibilities. The ability to collect, model, and analyze huge 
data sets is one of the great recent advances in science and has made possible our understand- 
ing of global impacts. But developing the infrastructure and practices required for handling 
data, and a commitment to collect it systematically, have lagged. Scientists have struggled 
to address standardizing, storing, and sharing data, and privacy concerns. Funding must be 
directed not only toward basic science but toward facilitating better decisions made with the 
data and analyses that are produced. As a start, research grants should specify a data curation 
plan, and there should be a greater focus on long-term monitoring of the environment. 

Because society’s major problems are complex, generating useful scientific advice 
requires synthesizing knowledge from diverse disciplines. As the need for synthesis grows, 
the avenues of communication are changing rapidly. Unfortunately, many news organiza- 
tions have eviscerated their science staffs. As a result, stories derived from press releases on 
specific results are crowding out the thoughtful syntheses that are needed. 

If the scientific community does not aggressively address these issues, including com- 
municating its process of discovery and recognizing its modern data responsibilities, and if 
society does not constructively engage science, then the scientific enterprise and the whole 
of society are in danger of losing their crucial rational relationship. Carl Sagan’s warnings 
are especially apt today: “We live in a society exquisitely dependent on science and technol- 
ogy, in which hardly anyone knows anything about science and technology.” “This is a pre- 
scription for disaster. We might get away with it for a while, but sooner or later this combus- 
tible mixture of ignorance and power is going to blow up in our faces.” 

— Brooks Hanson 
10.1126/science.1190790 
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GULF OIL SPILL 


Will Deepwater Horizon Seta 
New Standard for Catastrophe? 


The fiery destruction of an oil drilling plat- 
form in the Gulf of Mexico on 20 April may 
have triggered one of the worst environmental 
disasters in U.S. history. The impact of the cri- 
sis, which began with the deaths of 11 work- 
ers and then simmered for several days before 
an expanding oil slick grabbed worldwide 
attention, promises to test the federal gov- 
ernment’s ability to protect habitat, wildlife, 
and the economic well-being of a four-state 
region on a scale never before imagined. 

Secretary Ken Salazar of the Department 
of the Interior declared on 2 May that the 
government’s role is to “keep its boot on the 
neck of BP,” the British-based oil giant that 
had contracted to use the drilling rig, Deep- 
water Horizon. And BP CEO Tony Hayward 
said his company “will absolutely be pay- 
ing for the cleanup operation. There is no 
doubt about that. It’s our responsibility—we 
accept it fully.” 

As Science went to press, severe weather 
was slowing the spread of the oil to the shore. 
BP officials were hoping to deploy an oil- 
topping containment vessel in the coming 
days. Biologists have their fingers crossed, 
fretting over a blow at the worst possible 
time to an already fragile ecosystem. “I 
don’t want to be alarmist, but I’m alarmed,” 
says ornithologist James Remsen of Louisi- 
ana State University (LSU), Baton Rouge. 
As a precautionary step to ensure the safety 
of the food supply, the National Oceanic and 
Atmospheric Administration (NOAA) has 
imposed a 10-day ban on commercial fish- 
ing in the region. 


What went wrong 

The reasons the drilling vessel failed to con- 
tain the 100-million-pascal pressures in the 
well it had drilled 5500 meters into the sea 
floor, at a water depth of 1500 meters, are 
still unknown. But it probably wasn’t because 
its crew pushed too hard on the envelope of 
modern technology. Just 8 months earlier, 
in the Gulf of Mexico, Deepwater Horizon 
safely drilled the world’s deepest well through 
9424 meters of rock in 1259 meters of water. 


Sailing 
in space 


The latest drilling, 65 kilometers 
off the Louisiana coast, targeted a 
shallower, well-known oil-bearing 
stratum. That made for “rather rou- 
tine” drilling, says petroleum engi- 
neer Kenneth Gray of the University 
of Texas, Austin. By 20 April, work- 
ers had finished drilling the hole 
using the weight of heavy drilling 
“mud” filling the hole to contain the 
pressure. A steel pipe or casing was 
inserted partway down the hole to 
reinforce it against collapse before 
cement was pumped between the 
casing and the wall of the hole. 

This “cement job” is often the cul- 
prit in oil spills. According to a 2007 
report from the U.S. Minerals Man- 
agement Service, the agency that 
supervises offshore drilling, cement- 
related problems caused 18 of 39 
blowouts in the Gulf of Mexico over 
a 14-year period. Something about 
the design or execution of the cement 
job could have prevented the cement 
from setting properly. That flaw could have 
allowed oil and gas to work its way upward 
until containment failed entirely. 

Estimates of the flow started at zero 
but quickly rose to 1000 barrels and then 
5000 barrels per day. Before drilling began, 
BP had projected a worst-case scenario of 
162,000 barrels escaping per day. Why that 
hasn’t happened is anyone’s guess. The 
answer could lie in constriction in the well, 
in the blowout preventer sitting at the top of 
the well, or in the pipe that once connected 
the well and the drilling vessel now lying 
crumpled on the sea floor. 

The duration of the spill is another open 
question. The blowout preventer, which failed 
to cut off the initial surge, has so far refused 
to respond to remotely operated submers- 
ible vehicles. In a week or two, workers will 
attempt to capture much of whatis still leaking 
out by lowering a 70-ton concrete-and-metal 
box over the wellhead leak site. The captured 
oil would then be pumped out the top to wait- 


University of 


Delhi's radioactive 
mishap 


At sea. Oil skimmers try to clean up 
oil released from last month’s drilling 
rig explosion in the Gulf of Mexico. 


ing barges. No one has ever attempted such a 
maneuver at 1500-meter depths. 

The ultimate solution would involve drill- 
ing back into the pressurized rock that’s caus- 
ing all the trouble. The approach requires 
drilling a new hole from a floating platform, 
intersecting the original 20-centimeter-wide 
well kilometers beneath the sea floor, and 
then pumping in drilling mud to kill the flow. 
It’s an ambitious project that would take at 
least 3 months. 


Dealing with the oil 

The typical southern Louisiana crude ris- 
ing from the well emulsifies into a foamy 
“mousse” by the time it reaches the surface, 
and the more volatile, more toxic compo- 
nents quickly evaporate. In the current 
spill, “Mother Nature is helping us,” says 
marine chemist Edward Overton, professor 
emeritus at LSU Baton Rouge and head of 
a chemical hazards assessment team under 
contract to NOAA. “The possibilities are 
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horrible, but the probabilities are less so.” 

The one sample Overton and colleagues 
have been able to analyze “looked like roof 
tar,’ he says, and such goo is expected to even- 
tually form tarballs and tar mats. “We won’t 
see a ‘black tide’ in this spill as we did after 
Exxon Valdez,” he predicts. The tarballs “are 
going to be very sticky but not very toxic. ... 
We’re looking at an all-summer event.” 

Rough seas have stymied the govern- 
ment’s ability to skim and collect the oil 
on the surface, and hindered some floating 
protective booms from being put into place 
properly. Several small fires were used to 
reduce the total amount of oil on the surface. 
Once the oil slick began moving toward 
the coast, BP started the aerial spraying 
of dispersants—detergent-like chemicals 
designed to break up the oil. Then engineers 
added dispersants more directly to where the 
oil came out of the well. The aim is to reduce 
the risk to seabirds and mammals, and to 
protect sensitive habitats from being soaked 
in oil. But the technology has a side effect: 
By spreading the oil throughout the water 
column, fish such as spawning bluefin tuna 
that would otherwise not be exposed are put 
at risk of toxic effects. 

One possible long-term weapon is to 
use microbes already present in the water. 
Another technique, adding fertilizer to 
coastal waters to enhance the ability of 
natural microbes to metabolize the oil, has 
shown promise in small field tests, said 
Ken Lee of the Bedford Institute of Ocean- 
ography in Nova Scotia, Canada. A third 
approach would involve burning oil-covered 
wetlands in a way that preserves the roots 
of the plants. 

A pressing economic issue for the region 
is ensuring the safety of shrimp, mussels, 
and clams that grow in gulf waters. Gener- 
ally, local oil spills lead the government to 
shut down nearby fishing or seafood har- 
Z vesting areas, and they are reopened after the 
>, catch is tested and found to be safe. But fish- 
$ ers lack easy screening tools to help them 
4 estimate contaminant levels in their catch, 
< and there are no industry-wide techniques 
5 to do the tests accurately and quickly. “We 
don’t know what [constitutes] a toxic dose,” 
says former Food and Drug Administration 
regulator David Acheson. The challenge, 
9 he adds, is measuring long-term rather than 
5 acute exposure to oil-tainted seafood. 
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The potential impact 

The biggest biological impacts of the spill 
are expected to be on islands that host large 
colonies of breeding birds and in the rich 
coastal wetlands, which nourish young 
fish, shrimp, and shellfish. “The area of the 
blowout is one of the most productive areas 
of the Gulf of Mexico,” says Gilbert Rowe, 
a marine biologist at Texas A&M Univer- 
sity, Galveston. 

Scientists are especially concerned 
about the Breton National Wildlife Refuge. 
The many breeding seabirds on the barrier 
islands include some 2000 brown pelicans, 
which only last year had recovered enough 
to be removed from the federal list of endan- 
gered species. If the oil can’t be kept off the 
beaches, an entire generation of pelicans 
and other species could be wiped out, says 
LSU’s Remsen. 

Oil harms seabirds by allowing water 
to soak through their feathers, chilling the 
birds and making it harder to gather food. 
Dolphins are also liable to suffer organ 
damage from breathing toxic vapors or 
ingesting too much oil. Sea turtles are at 
particularly high risk because they feed at 
the oil-slicked surface. 

The wetlands themselves are fragile, too. 
Having been damaged for decades by dredg- 
ing, drilling, and other human impacts, Loui- 
siana’s wetlands are disappearing at a rate of 
4400 hectares per year (Science, 25 Novem- 
ber 2005, p. 1264). Oil can harm the vital 
grasses, which keep the sediment from erod- 
ing, by preventing them from photosynthe- 
sizing or exchanging gases. Plants cope by 
sending out new leaves, up to a point. So 
researchers are holding their breath to see the 
impact, especially for the most sensitive wet- 
lands farther inland. If the leak isn’t plugged, 
they could be hard-hit by tropical storms 
blowing oil inland this summer. “We may 
be talking catastrophic [effects],” says plant 
ecologist David White of Loyola University 
in New Orleans. 

One obvious need is for additional 
research to track the impact of the oil on 
existing study sites. “We’re poised to do lots 
of follow-up studies,” says ecologist Denise 
Reed of the University of New Orleans. “It’s 
pretty clear that quite a lot of oil is going to 
get into the wetlands.” 

—-RICHARD KERR, ELI KINTISCH, 
AND ERIK STOKSTAD 
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Three Historic Blowouts 


The decade from 1969 to 1979 witnessed 
three massive spills from offshore oil wells 
around the world. Here is how they compare 
in size and impact. 


IXTOC 1 

The biggest well-related 
spill was triggered on 

3 June 1979, when a lack 
of drilling mud allowed 
oil and gas to shoot up 
through the 3.6-km-deep 
IXTOC 1 exploratory well, about 80 km offshore 
in the southern Gulf of Mexico. The initial daily 
outflow of 30,000 barrels of oil was eventually 
reduced to 10,000 barrels. The well was finally 
capped more than 9 months later. Mexico's 
state-owned oil company, PEMEX, treated the 
approximately 3.5-million-barrel spill with 
dispersants. U.S. officials had a 2-month head 
start to reduce impacts to the Texas coastline. 


Ekofisk 

The first major spill in the North Sea resulted 
in the release of 202,000 barrels of oil about 
250 km off the coast of Norway. The 22 April 
1977 blowout caused oil 
to gush from an open 
pipe 20 m above the sea 
surface. The well was 
capped after a week. 
Between 30% and 40% 
of the spill evaporated 
almost immediately. Rough waters broke up 
the slick before it reached shore. 


North Sea 
1977 


Santa Barbara 

A blown well 1 km below the sea floor and 

9 km off the coast of Santa Barbara, California, 
spewed out a total of 100,000 barrels of oil. The 
initial eruption occurred 
on 28 January 1969, and 
the well was capped by 
mud and cement on 

7 February, but the pres- 
sure forced oil through sea 
floor fissures until Decem- 
ber. The oil contaminated 65 km of coastline. 
At least 3700 birds are known to have died, 
and commercial fishing in the area was closed 
until April. 


Santa Barbara 
1969 


—LAUREN SCHENKMAN 
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BIOMEDICAL RESEARCH 


Peering Over a Cliff at the Poststimulus World 


A year ago, the mood in the U.S. biomedi- 
cal community was euphoric as researchers 
scrambled for a piece of the National Insti- 
tutes of Health’s (NIH’s) stimulus windfall. 
More than $8 billion went to extramural 
research (and $1.8 billion for construction 
and equipment); thousands of scientists are 
now toiling away on the studies it funded. 
But reality is setting in. The 2-year grants 
will run out in 2011, and when that happens 
it could cause a nasty shock. Barring a new 
windfall—and none is in sight—NIH’s bud- 
get will drop sharply next year. Much of the 
work recently begun will be left short of cash. 
The result could be the lowest grant funding 
rates in NIH history, and the academic job 
market will suddenly dry up—especially for 


doubled between 1999 and 2003, encourag- 
ing academic research institutions to go on a 
building spree, bringing new researchers into 
the system, and spurring others to expand 
their labs with multiple grants. After that, 
NIH’s budget stayed essentially flat, or fell 
if adjusted for inflation, until 2009-10. Then 
the stimulus money in the American Recov- 
ery and Reinvestment Act (ARRA) threw a 
lifeline to labs that were in jeopardy; many 
NIH panels reached below the “payline” and 
funded grants that had just missed the cutoff 
for funding from NIH’s regular budget. 

The reprieve probably won’t last: In its 
own projection, NIH says it may fund just 
35,202 grants in 2011, a drop of 4377. But 
the exact size of that drop will depend on 


young researchers. 
“There willbeareduction GTC 
i i _ IM *ARRA funding (Stimulus) 
in capacity. How abruptly SO ame atts ronet g" 


and exactly when it hits we’re 
still trying to piece together,” 
says Howard Garrison, pub- 30 
lic affairs director for the 
Federation ofAmerican Soci- 
eties for Experimental Biol- 
ogy (FASEB) in Bethesda 


Dollars (Billions) 
rd 


Maryland. Garrison issued a 
gloomy overview of the fig- 
ures last month 
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budget defense as NIH dir- 
ector before a House of Rep- 
resentatives Appropriations 
subcommittee, Francis 
Collins was asked about the 
poststimulus problem. He showed a graph 
of NIH’s budget over the years with a label 
at the point where the stimulus money runs 
out and the total will drop $4 billion in 2011, 
assuming NIH gets the $32.2 billion President 
Barack Obama has requested (see graph). 
(NIH’s baseline budget, not counting stimulus 
money, would increase by 3.2%.) 

“This is the cliff that people are talking 
about,” Collins said. “We are going to face a 
crunch” in 2011, he said. The success rate, or 
portion of reviewed applications that receive 
funding, which hovered around 30% a few 
years ago and 20% this year, “will be more 
like 15%.” The committee chair, Represen- 
tative David Obey (D—W]), asked whether 
the NIH windfall was a mistake. No, Collins 
replied, it has been a “wonderful investment.” 

The looming cliff may not look scary 
to some NIHers because they have weath- 
ered booms and busts before. NIH’s budget 
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Hard landing. An abrupt drop in NIH’s budget in 2011 could mean a 
plunge in grant success rates and a glut of postdocs on the job market. 


several factors. The first is NIH’s final bud- 
get, which usually ends up larger than the 
president’s request. Various groups are push- 
ing for more than Obama’s $32 billion: 
Research! America says the agency needs 
$35 billion, a 13.5% increase; FASEB sug- 
gests $37 billion; and Senator Arlen Specter 
(D—PA), who engineered NIH’s $10.4 bil- 
lion in total ARRA funding, says the agency 
should get $40 billion. But whether NIH will 
come anywhere close to that is unclear in a 
still-tight fiscal climate. 

Another uncertainty is how many research 
grant applications NIH will receive in 2011; 
these make up the denominator of the success 
rate figure. After reaching an all-time high of 
about 47,500 in 2007, the number of propos- 
als was declining or at least leveling off, NIH 
data suggest. The numbers could rise again, 
however, if investigators with the one-time 
ARRA grants apply for new awards. Applica- 


tions could swell further if a significant frac- 
tion of the 19,000 or so scientists whose ideas 
were rejected for a special ARRA competition 
for high-impact research submit those ideas as 
regular RO1 grant applications. 

The number of applications will also 
depend on how many investigators with 
ARRA funding request a 1-year unfunded 
extension, which would stretch their 2-year 
grants to 3 years. NIH says it will be “gra- 
cious” about granting such requests, to help 
smooth the poststimulus transition, Collins 
testified. In addition, certain institutes, such as 
the National Cancer Institute, have pledged to 
fund many ARRA grants for another 2 years. 

The cliff problem was the focus of a 
meeting of economists, academic leaders, 
and NIH officials last week at Cold Spring 
Harbor Laboratory on Long Island in New 
York. Economist Paula Stephan of Georgia 
State University in Atlanta expects trouble 
as a glut of postdoctoral fellows and gradu- 
ate students who were hired or kept on with 
ARRA money will hit the job market. “There 
is going to be a huge backlog of individuals 
looking for jobs and fellowships in 2011 and 
2012,” predicts Stephan. 

One suggestion: persuade Congress to 
fund one-time “bridge” fellowships to give 
ARRA-funded postdocs more time to find 
academic jobs or switch careers. “It wouldn’t 
take a whole lot of money,” says meeting orga- 
nizer Richard Freeman, a labor economist at 
Harvard University. Looking beyond 2011, 
the larger challenge is to find ways for NIH to 
smooth the impact of roller-coaster budgets, 
meeting participants agreed. 

The grim outlook may not have hit univer- 
sity labs just yet. Stem cell researcher Michael 
Kyba of the University of Minnesota Medi- 
cal School in Minneapolis, who won three 
ARRA grants, says he’s been too busy trying 
to get papers out to start applying for the next 
grants to continue these studies—although 
he should be. “Grants are built on papers,” he 
explains. “I will worry about [applying for] 
grants in a few months.” 

Harvard microbiologist and American 
Society for Microbiology President Roberto 
Kolter, who spoke at Cold Spring Harbor, 
says “there’s a wait-and-see attitude right 
now” in his department, which didn’t apply 
for much ARRA money. He and many of his 
colleagues won’t need to renew their grants 
for 2 or 3 years. But then, he expects, “there 
will be some casualties.” 

-JOCELYN KAISER 
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PLANETARY SCIENCE 


Mission to Probe Venus's Curious Winds 
And Test Solar Sail for Propulsion 


TOKYO—Venus is considered Earth’s twin 
because of its similar size and composition. 
But Venus’s carbon dioxide—laden atmos- 
phere and thick sulfuric clouds are nothing 
like Earth’s. And most puzzlingly, venusian 
winds move at up to 60 times the speed of the 
planet’s rotation; Earth’s fastest winds clock in 
at just 10% to 20% of the rotation speed. 

The force behind this superrotation is “one 
of the most outstanding problems in plane- 
tary geofluid dynamics,” says Kevin Baines, 
a planetary scientist at NASA’s Jet Propulsion 
Laboratory in Pasadena, California, and the 
University of Wisconsin, Madison. The Japan 
Aerospace Exploration Agency (JAXA) is 
out to solve this problem with its Akatsuki 
mission, slated for launch on 18 May. Akat- 
suki will train four cameras at ultraviolet and 
infrared wavelengths on the planet to track 
clouds at different altitudes. The craft also 
has a high-speed camera that aims to capture 
venusian lightning, presumed to occur but 
never directly observed. 

The superfast winds might result from 
thermal waves generated in the solar-heated 
clouds or from a complex interaction of 
atmospheric circulation patterns, says 


From Science's 
Online Daily News Site 


Bald Eagle Comeback Could Come at 
Expense of Other Species 

Fishing, farming, and pesticides have deci- 
mated the bald eagle population of California's 
Channel Islands. But current efforts to reintro- 
duce the birds could likewise threaten some of 
the islands’ other endangered species, includ- 
ing foxes, according to a new study. 


http://bit.ly/baldeagle-comeback 
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Takeshi Imamura, a planetary scientist at 
JAXA’s Institute of Space and Astronautical 
Science in Sagamihara. “It is also possible that 
our observations [will eliminate] both of these 
theories and find new mysteries,” he says. 

Akatsuki, to be placed in an equatorial 
orbit, will complement the 
European Space Agency’s 
Venus Express, which has 
been in a polar orbit around 
the planet since 2006. The two 
teams are planning coordi- 
nated observations using dif- 
ferent instruments. Baines, 
a member of the Venus Express science 
team, expects the findings to provide clues 
to understanding the evolution of Earth’s 
atmosphere and the effects of greenhouse 
gases. “There is a lot Venus can teach us” 
about Earth, he says. 

In addition to sending Akatsuki on its 
way, JAXA’s H-IIA rocket is carrying what 
will become, if all goes well, the first space- 
craft that uses the pressure of photons from 
the sun for propulsion. Two previous attempts 
foundered on rocket failures. The Interplan- 
etary Kite-craft Accelerated by Radiation Of 


Scientists Resurrect Mammoth Hemoglobin 
By inserting a 43,000-year-old woolly mammoth 
gene into Escherichia coli bacteria, scientists 
have figured out how these ancient beasts 
adapted to the subzero temperatures of prehis- 
toric Siberia and North America. The gene, which 
codes for the oxygen-transporting protein hemo- 
globin, allowed the animals to keep their tissues 
supplied with oxygen even at very low tempera- 
tures. http://bit.ly/mammoth-hemoglobin 


New Madrid Quakes May Not Have 

Been So Colossal 

In the winter of 1811-12, four major earth- 
quakes shook what is today southeastern Mis- 
souri. The first of the temblors flattened the 
small town of New Madrid and, according to 
some eyewitness accounts, temporarily reversed 
the course of the Mississippi River. Other reports 
over the years have claimed that the quakes 
could be felt as far away as the U.S. East Coast, 
where they rattled furniture in Washington, 
D.C., and rang church bells in Charleston, South 
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Sail away. An innovative 
ribless design will use 
centrifugal force to unfurl 
the solar sail of the IKAROS 
spacecraft (inset). 


the Sun (IKAROS) mission will use a square 
polyimide sail 20 meters across diagonally 
and a mere 0.0075 mm thick. “The most 
important point is the deployment,” says 
Jun’ichiro Kawaguchi, a JAXA scientist who 
conceived IKAROS. Other designs have used 
struts to keep the sail taut. IKAROS relies 
on centrifugal force to spin out its sail. If the 
mission succeeds, Kawaguchi says, a solar 
sail could be paired with ion engines, used in 
JAXA’s Hayabusa mission (Science, 30 April, 
p. 565), to speed spacecraft to the solar sys- 
tem’s outer reaches. —DENNIS NORMILE 


ScienceNOW 


Carolina. Together, the New Madrid quakes 
have become known as one of the most pow- 
erful natural events in U.S. history. But were 
they? http://bit.ly/newmadridquakes 


Island Reptiles Buck an Evolutionary Trend 
The Caribbean island of Martinique has a lot 
to offer: beautiful beaches, tropical weather, 
and a perfect place to challenge notions 
about how new species 

arise. When anole lizards 

arrived on Martinique 

more than 8 million years & 

ago, there were four : 

separate, smaller islands. 

Over time, this physical isolation should have 
allowed the lizards to evolve into different 
species, according to conventional evolution- 
ary wisdom. But that’s not what happened. 
http://bit.ly/lizard-evolution 


Read the full postings, comments, and more 
at news.sciencemag.org/sciencenow. 
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U.S. GRADUATE EDUCATION 


Report Seeks Expansion in a Time of Belt-Tightening 


Timing is everything. And for a new report 
that urges the U.S. government to spend bil- 
lions more on graduate education while 
scolding universities for not doing enough 
to attract and mentor the students who would 
earn those degrees, the timing is unfortunate. 

The Path Forward: The Future of Grad- 
uate Education in the United States” is a 
thoughtful and data-rich analysis of how 
graduate education can increase productiv- 
ity and foster innovation by raising the qual- 
ity of the U.S. workforce. Its authors, an 
18-member panel convened by the Council 
of Graduate Schools and the Educational 
Testing Service, regard the report as an 
essential follow-up to the improbably influ- 
ential 2005 report from the National Acad- 
emies, Rising Above the Gathering Storm, 
which successfully made the case for hiking 
federal spending on research and education. 

The new report urges graduate depart- 
ments to shorten the amount of time it takes 
to earn a degree, reduce attrition rates, recruit 
and retain more Hispanic and African- 
American students, and provide better career 
counseling. In return, it says, the federal gov- 
ernment should safeguard access to gradu- 
ate education by international students and 
expand support for master’s and doctoral pro- 
grams. Toward that last goal, the report pro- 
poses a new cross-agency doctoral training 
initiative that would finance the educations 
of an additional 25,000 students annually at 
a cost of $10 billion over 5 years. 

But while lawmakers are likely to 
applaud the call for reforming graduate edu- 
cation, the idea of a massive boost in fed- 


“http://www.fgereport.org/rsc/pdf/CFGE_report.pdf 


DEGREES CONFERRED 


eral support flies in the face of current fiscal 
realities. The prospect of a $1.3 trillion bud- 
get deficit and a freeze next year on most 
domestic programs may cause policymakers 
to put this report on their bookshelves rather 
than in their legislative agendas. 

“There is a lot of interest in this topic 
within the Obama Administration,” says 
Under Secretary Martha Kanter, who over- 
sees postsecondary education at the Depart- 
ment of Education and who spoke at the 
report’s unveiling last week. “But there are 
always a lot of competing ideas. And most 
of them don’t get to the finish line. That’s 
especially true in a flat budget year, which it 
looks like 2011 will be. What we don’t do as 
much of is ask, ‘What can we stop doing?’” 

By coincidence, The Path Forward was 
released the day after the House of Repre- 
sentatives Science and Technology Commit- 
tee approved a reauthorization of the 2007 
law, the America COMPETES Acct. That leg- 
islation drew heavily from the academies’ 
Gathering Storm report and provided the 
justification for Congress to boost funding 
for research. But the committee’s actions on 
28 April indicate how even the staunchest 
supporters of academic research and train- 
ing have had to curb their enthusiasm. 

During an 8-hour markup of the bill (H.R. 
5116), the committee remained solidly in 
favor of the Administration’s promise to dou- 
ble over 10 years the budgets of the National 
Science Foundation (NSF), the Department of 
Energy’s (DOE’s) research programs, and the 
National Institute of Standards and Technol- 
ogy. In addition to spelling out operating pro- 
cedures for DOE’s new energy hubs and its 
Advanced Research Projects Agency—Energy, 


creating an Office of Innovation within the 
Department of Commerce, and giving NSF 
the authority to tackle knotty research chal- 
lenges with prizes rather than grants, the bill 
also embraces several new federal initiatives 
to improve science and math education. 

At the same time, however, the commit- 
tee bowed to growing congressional con- 
cern about the federal deficit by lopping 
10% off authorized agency spending levels 
spelled out in a version of the bill introduced 
only a few days earlier by the committee’s 
chair, Representative Bart Gordon (D-TN). 
The lower levels were proposed by Gordon 
himself, who had anticipated the push for a 
lower number by crafting an amendment to 
his own bill that pared its original cost from 
$93 billion to $82 billion over 5 years. The 
amendment passed with bipartisan support. 

“These [new] levels are lower than I’d like 
them to be,” Gordon acknowledged at the 
start of the session. “But I consider them to 
be practical. ... We will maintain a doubling 
path but on a slightly less steep trajectory.” 

Authorizing a new doctoral training pro- 
gram would require the science committee 
to find new sources of revenue or cut into 
existing programs. Neither is a “winnable 
argument” under the current fiscal restraints, 
says one committee aide. 

Gordon, who is not running for reelection 
in November, hopes the full House will pass 
the COMPETES bill before the end of May. Its 
reauthorization would be a crowning achieve- 
ment of a 26-year congressional career. But 
will the Senate go along? Although the bill 
has many supporters, the Senate’s legislative 
calendar is already jammed. 

—JEFFREY MERVIS 


DOCTORAL COMPLETION RATE 


Gender difference. Women account for most of the growth in the number of U.S. 


graduate degrees awarded since 1995. 
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Getting it done. Engineers finish their Ph.D.s faster than those in other 


disciplines. But there’s a significant dropout rate in every field. 
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LAB SAFETY 


Radiation Accident a ‘Wake-Up Call’ 
For India’s Scientific Community 


NEW DELHI—The improper disposal of a der- 
elict gamma-ray research device at the Uni- 
versity of Delhi has resulted in the death of 
a scrap-metal worker—and drawn scrutiny 
of how India’s academic institutions handle 
radioactive materials. 

India’s nuclear watchdog, the Atomic 
Energy Regulatory Board (AERB) in Mum- 
bai, has labeled the incident as a “seri- 


In the hot seat. University of Delhi’s 
Deepak Pental says he takes moral 
responsibility for the botched dis- 
posal of a cobalt-60 source (inset). 


ous violation” and slapped 
India’s premier university 
with an indefinite moratorium 
on radiation-related activities. That “such 
an outstanding university was so callous is 
mind-blowing,” declares former AERB Sec- 
retary K. S. Parthasarathy, who says the trag- 
edy “should be a wake-up call.” On 30 April, 
India education minister Kapil Sibal ordered 
universities to beef up guidelines for the han- 
dling and use of hazardous materials. 

India’s accident is the latest in a series of 
radioactive mishaps worldwide. Since 1993, 
the International Atomic Energy Agency in 
Vienna has logged several dozen incidents 
involving the loss or theft of “dangerous” 
radioactive sources, including cobalt-60. 
One of the worst cases of cobalt-60 expo- 
sure occurred at a scrap yard in Samut Pra- 
karn, Thailand, in February 2000, when the 
dismantlement of a radiation-therapy unit 
killed three people and injured 10. 

The accident in India occurred after 
plant biotechnologist Deepak Pental, the Uni- 
versity of Delhi’s vice chancellor, ordered 


a campuswide spring cleaning to create 
space for newly recruited staff. On 26 Feb- 
ruary, the university auctioned to a scrap 
dealer a Gammacell 220 research irradiator, 
which university chemist B. K. Sharma had 
imported from Atomic Energy of Canada 
Ltd. in 1968 but which had lain unused since 
Sharma’s retirement in 1985. At the scrap 
yard, unaware that the machine they were dis- 
mantling contained cobalt-60, 
seven workers fell ill; two 
are in critical condition. One 
died—India’s first known 
fatality from a radiation acci- 
dent. Some of the cobalt-60, 
a gray-blue metal resembling 
nickel, is unaccounted for. 

The incident has raised 
questions about the Univer- 
sity of Delhi’s competence 
in radiation safety. An auc- 
tion committee comprised 
of top university chemists 
- had determined that 
J radiation levels from 
the Gammacell’s 
cobalt-60 would 
be “manageable,” 
Pental says, as the 
isotope has a half-life 
of 5.27 years. (In fact, 
the material in such 
a device can release 
lethal radiation for decades.) AERB’s chair, 
nuclear scientist S. S. Bajaj, told Science that 
he was “shocked” by the Delhi researchers’ 
“ignorance.” Bajaj acknowledges that the 
fate of the Gammacell device was not being 
tracked by AERB and should never have 
“disappeared from [AERB’s] radar,” but he 
says the university was obliged to inform 
AERB before disposing of the device. An 
agency team would have helped ensure that 
this was done safely. AERB has launched 
an audit of the roughly 140 Gammacells in 
India’s academic institutions. 

Pental says he takes “moral respon- 
sibility” for any negligence on the part of 
the University of Delhi. AERB and Delhi 
police are now conducting an investigation; 
anyone found guilty of unauthorized dis- 
posal of a radioactive source can be jailed 
for up to 5 years. “Zero tolerance,” says 
Parthasarathy, “is the only way forward.” 

—PALLAVA BAGLA 


NEWS OF THE WEEK Ke 


Science|lnsider 


From the Science 
Policy Blog 


The nation’s first cancer vaccine will 
soon hit the market. The U.S. Food and 
Drug Administration has approved for sale 
Provenge, meant to treat prostate cancer 
that has spread throughout the body. 
Patients given the vaccine lived about 

4 months longer, nearly 26 months total, 
than controls. A course of treatment costs 
$93,000. http://bit.ly/9 Inzld 


The National Institutes of Health has 
approved four stem cell lines submitted 
by WiCell, the nonprofit associated with the 
University of Wisconsin, Madison. The lines 
were approved under the Bush-era stem 
cell policy, but they had to undergo new 
scrutiny to make sure they meet stiff ethics 
rules. http://bit.ly/cfmzR6 


The plight of postdocs, and the glacial 
pace of negotiations between a union that 
represents them in California and the Uni- 
versity of California (UC), was the subject of 
a fairly acrimonious congressional hearing. 
About 6000 postdocs—10% of all U.S. 
postdocs—work at UC. The union is seeking 
a pay structure modeled on federal guide- 
lines. http://bit.ly/a5GqXi 


A new handbook offers hints for universities 
trying to increase diversity while staying 
within the law. The joint effort of AAAS 
(which publishes Science) and the Associa- 
tion of American Universities includes tips, 
examples of what works, and legal analyses. 
http://bit.ly/bfIM8p 


Drug company scientists released news of 
a high-profile clinical trial of a drug to 
treat fragile X syndrome by divulging the 
results to a reporter at The New York Times. 
Researchers feel “pretty good about the 
[unpublished] data,” said a scientist with 
Novartis. http://bit.ly/9CPJHh 


Are genomewide association studies use- 
ful? A provocative paper in Cell says no, argu- 
ing that by linking common gene variants to 
increased disease risks, they fail to uncover 
helpful connections. A better approach, says 
the much-discussed paper, may be to look for 
rare variants. http://bit.ly/bA3 MOQ 


See the full postings and more at 
news.sciencemag.org/scienceinsider. 
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Encounters 
Of the Prehistoric Kind 


The long-awaited sequence of the Neandertal genome suggests 
that modern humans and Neandertals interbred tens of thousands 
of years ago, perhaps in the Middle East 


IT'S THE MYSTERY OF MOUNT CARMEL. ON 
this limestone ridge overlooking the coast 
of Israel, modern humans lived in caves off 
and on for tens of thousands of years, start- 
ing more than 100,000 years ago. Then, per- 
haps as early as 80,000 years ago, members 
of another species reached and occupied the 
caves: heavy-bodied Neandertals, who were 
escaping a cold spell in Europe and moving 
south into the Middle East. Did the two spe- 
cies meet here? Did they mate? 

The archaeological record in the caves is 
ambiguous on that question, and anthropolo- 
gists have fought bitterly over it. Some claim 
that the anatomy of fossils shows that Nean- 
dertals, our closest cousins, did mate with 
modern humans, either in the Middle East or 
in Europe. But others thought modern humans 
coming out of Africa completely replaced 
Neandertals with little or no interbreeding. 
And the genetic evidence from ancient bones 
showed no sign that Neandertals had swapped 
genes with our ancestors—until now. 


On page 710, an international team of 
researchers presents their first detailed anal- 
ysis of the draft sequence of the Neandertal 
genome, which now includes more than 3 bil- 
lion nucleotides collected from the bones of 
three female Neandertals who lived in Croa- 
tia more than 38,000 years ago. By comparing 
this composite Neandertal genome 
with the complete genomes of five 
living humans from different parts 
of the world, the researchers found 
that both Europeans and Asians 
share 1% to 4% of their nuclear 
DNA with Neandertals. But Afri- 
cans do not. This suggests that 
early modern humans interbred with Nean- 
dertals after moderns left Africa, but before 
they spread into Asia and Europe. The evi- 
dence showing interbreeding is “incontrovert- 
ible,” says paleoanthropologist John Hawks of 
the University of Wisconsin, Madison, who 
was not involved in the work. “There’s no 
other way you can explain this.” 


Online 


sciencemag.org 
q Special online 
i feature and 
podcast on the 
Neandertal genome. 


Kissing cousins. A few Neandertals mated with 
early modern humans and passed on some of 
their genes to living humans. 


As a result, many people living outside 
Africa have inherited a small but significant 
amount of DNA from these extinct humans. 
“In a sense, the Neandertals are then not 
altogether extinct,” says lead author Svante 
Paabo, a paleogeneticist at the Max Planck 
Institute for Evolutionary Anthropology in 
Leipzig, Germany, who was surprised to 
find he was part Neandertal. “They live on 
in some of us.” 

The team also used the Neandertal DNA 
like a probe to find the genes that make 
us modern. Even though the genomes of 
humans and Neandertals are 99.84% iden- 
tical, the researchers identified regions that 
have changed or evolved since our ancestors 
and Neandertals diverged sometime between 
270,000 and 440,000 years ago—their new, 
slightly younger estimate of the split. So far, 
the team has detected tantalizing differences 
in genes involved in metabolism, skin, the 
skeleton, and the development of cogni- 
tion, although no one knows yet how these 
genetic changes affect physiology. “This is a 
groundbreaking study!” enthuses evolution- 
ary geneticist Hendrik Poinar of McMaster 
University in Hamilton, Canada. “We can 
actually discuss an extinct human species— 
Neandertals—on a genetic level rather than 
strictly on morphological grounds.” 


Mixed marriage 

The discovery of interbreeding in the 
nuclear genome surprised the team mem- 
bers. Neandertals did coexist with mod- 
ern humans in Europe from 30,000 to 
45,000 years ago, and perhaps in the Middle 
East as early as 80,000 years ago (see map, 
p. 681). But there was no sign of admix- 
ture in the complete Neandertal mitochon- 
drial (mtDNA) genome or in earlier studies 
of other gene lineages (Science, 
13 February 2009, p. 866). And 
many researchers had decided 
that there was no interbreeding 
that led to viable offspring. “We 
started with a very strong bias 
against mixture,” says co-author 
David Reich of Harvard Medical 
School in Boston. Indeed, when Paabo first 
learned that the Neandertal DNA tended to 
be more similar to European DNA than to 
African DNA, he thought, “Ah, it’s probably 
just a statistical fluke.” When the link per- 
sisted, he thought it was a bias in the data. 
So the researchers used different methods 
in different labs to confirm the result. “I feel 
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confident now because three different ways 
of analyzing the data all come to this con- 
clusion of admixture,” says Paabo. 

The finding of interbreeding refutes the 
narrowest form of a long-standing model 
that predicts that all living humans can 
trace their ancestry back to a small African 
population that expanded and completely 
replaced archaic human species without any 
interbreeding. “It’s not a pure Out-of-Africa 
replacement model—2% interbreeding is 
not trivial,” says paleoanthropologist Chris 
Stringer of the Natural History Museum 
in London, one of the chief architects of a 
similar model. But it’s not wholesale mix- 
ing, either: “This isn’t like trading wives 
from cave to cave; the amount of admixture 
is tiny,” says molecular anthropologist Todd 
Disotell of New York University in New York 
City. “It’s replacement with leakage.” 

Although the 1.3-fold coverage of the 
Neandertal genome is a remarkable technical 
feat, one-third of the genome is still murky. In 
a separate paper (p. 723), the team describes 
and successfully tests a new method for fill- 
ing in gaps in the rough draft of the genome. 

The team also used three methods to nail 
down the interbreeding result. First, they 
compiled the Neandertal genome using DNA 
from the limb bones of three female Nean- 
dertals who lived in Vindija Cave in Croa- 
tia from 38,000 to 44,000 years ago; they 
confirmed parts of the genome with much 
smaller amounts of DNA from Neandertals 
who lived in Spain, Germany, and Russia. 

Once they were satisfied that the com- 
posite genome was a fair representation of 
Neandertals from across a great part of their 
geographical range, researchers compared 
the Neandertal genome to a chimpanzee’s to 
determine which genetic variants were prim- 
itive, ancestral forms. Then they compared 
the new, derived genetic variants in Nean- 
dertals to those in the complete genomes of 
five living humans, including a San from 
Southern Africa, a Yoruba from West Africa, 
a Papua New Guinean, one Han Chinese, 
and one French European. 

The team measured the genetic proxim- 
ity of Neandertals to pairs of modern humans 
from different continents, first using single- 
nucleotide polymorphisms (SNPs), or sites 
in the genome where a single nucleotide dif- 
fers between individuals. When they com- 
pared a Neandertal with a European and an 
Asian, they found that the Neandertal always 
shared the same amount of derived (or more 
recently evolved) SNPs with each of them. 
But when they compared a Neandertal with 
an African and a European, or with an African 
and an Asian, the Neandertal always shared 
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Points of contact. Archaeological data suggest that Neandertals and early modern humans may have 
overlapped early in the Middle East and later in Europe. 


more SNPs with the European or Asian than 
with the African. “We’ve shown that Nean- 
dertals are significantly more closely related 
to non-Africans than Africans on average,” 
says Reich. 

Even though they looked at just two A fri- 
cans for this part of the study, those two have 
a particularly ancient, diverse heritage, so 
they are a good proxy for much of the genetic 
diversity in Africa. But sequencing additional 
Africans would be a good idea, says Reich. 

For now, it seems Neandertals interbred 
with the ancestors of Europeans and Asians, 
but not with the ancestors of Africans. At 
first, “we were baffled that this affinity with 


Neandertals was not only in Europe and West 
Asia [where it was most expected], but also 
in Papua New Guinea” where Neandertals 
never set foot, says Paabo. 

To be certain, they used two other meth- 
ods to detect gene flow between Neander- 
tals and Eurasians. Using the published 
genome of an African American from the 
Human Genome Project, they compared 
large regions of African and European 
ancestry in this single genome to Nean- 
dertal regions. In this person’s genome, the 
European and Neandertal segments were 
more similar to each other than either was 
to the African segments. 
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Cloned Neandertals 
Still in the Realm of Sci-Fi 


cows to goats to mice and extended their efforts 
to include endangered species and human 
embryos. But cloning Neandertals is fan- 


Science-fiction writers have been resurrecting 
Neandertals in novels for decades, imagining 
what it would be like to see and communicate (not 
to mention mate) with another species of human. 
So once the idea of sequencing the Neander- 
tal genome became more than a glimmer in a 
paleogeneticist’s eye, some have asked, “Could 
we, should we, would we, bring this extinct 
human species back to life?” After all, biologists 
are trying to bring back the woolly mammoth by 
cloning. But for both technical and ethical rea- 
sons, experts say, bringing back a Neandertal is 
a pipe dream. 

Could we do it? Robert Lanza laughed at the 
thought. Chief scientific officer for Advanced 
Cell Technology in Worcester, Massachusetts, 
he and his colleagues have cloned species from 


tasy, says Lanza. “You can’t clone from stone, 
and you can’t clone from DNA that has been 
destroyed from weather and the elements,” he 
points out. 

The Neandertal genome sequence reported 
on page 710 (and see main text, p. 680) 
reflects the battered state of the starting DNA, 
which came from bones that are 38,000 to 
44,000 years old. Because the isolated DNA 
was in pieces typically about 50 bases long, 
there are many missing stretches, particularly 
repetitive regions. “We will never have a fin- 
ished sequence for the Neandertal the way we 
have for a mouse,” says Svante Paabo, who led 
the Neandertal sequencing project at the Max 
Planck Institute for Evolutionary Anthropology 
in Leipzig, Germany. Jurassic Park aside, recon- 


Finally, population geneticist Rasmus 
Nielsen of the University of California 
(UC), Berkeley, scanned the human genome 
for “ancient” genomic segments—those 
that might predate the time when mod- 
ern humans arose, about 200,000 years 
ago. Before receiving the Neandertal 
DNA sequences, he identified 13 genomic 
regions that were unusually variable, and 
therefore likely to be evolutionarily ancient, 
in 48 people outside of Africa. He identi- 
fied 13 “old” variants as possibly coming 
from Neandertals or other archaic ances- 
tors, because they were missing from the 
genomes of 23 African Americans (used as 
proxies for Africans). Then the team looked 


in the Neandertal genome—and found 10 of 
the 13 ancient variants. “There are places in 
the genome where we can say this section 
is really, really likely to be from a Neander- 
tal,’ says Reich. 

When and where did modern humans 
pick up those Neandertal genes? The most 
likely scenario “was the movement of a 
few Neandertals into a group of moderns,” 
says co-author and population geneticist 
Montgomery Slatkin of UC Berkeley. If a 
few Neandertals interbred with members 
of a small population of modern humans, 
Neandertal gene variants might persist in 
subsequent generations of modern humans 
if the interbred population expanded rapidly, 


structing an organism with a partial genome 
would be like constructing a building with a 
partial blueprint. 

Even if scientists had the complete genome, 
it wouldn't be enough. DNA itself doesn’t tell 
the whole story. Chemical modifications to the 
genome, the way chromosomes arrange in the 
nucleus, and maternal components in the egg all 
play a role in translating a genetic blueprint into 
a viable individual. “It’s not just the DNA; there’s 
a lot else going on,” says Lanza. None of that 
information is even available for Neandertals. 

Then, too, cloning doesn’t typically start 
with a genome; it starts with two cells. One cell 
provides a nucleus (with DNA inside), and one 
is an egg cell, most often of the same species, 
whose DNA has been removed. The nucleus is 
then transferred to the egg, sometimes by fus- 
ing the two cells. “If you have just got DNA, you 
are asking an enormous amount of the oocyte 
that you are going to put the DNA into,” explains 
lan Wilmut, who cloned Dolly the sheep and 
now works at the University of Edinburgh in the 
United Kingdom. “It has to reform the nucleus 
and reprogram [the DNA].” 

That leads to the next problem: What spe- 
cies’ egg would play host to this DNA? The 
obvious candidate would be a modern human 
egg, but they are notoriously fickle and don’t 
take well to nuclear transfer, even of modern 
human DNA. “There's something different 
about primates that we haven't identified,” 
says Wilmut. “[Cloning] works very poorly.” 
And incompatibilities between Neandertal DNA 
and the human egg might further diminish 
the chances of a viable embryo. 

Molecular geneticist George Church of Har- 
vard University has proposed another approach: 
modify the DNA in a human cell line to resem- 
ble the Neandertal. “This is a daunting task, 
but with future technological developments 
and enough time and money, it may be pos- 
sible,” says Adrian Briggs, who worked on the 


thereby spreading Neandertal DNA widely. 

This scenario apparently fits with fossils 
and stone tool data from the Israeli caves 
such as Skhul, Qafzeh, and Tabun, where 
Neandertals show up in the region as early 
as 80,000 years ago, when moderns were 
already there. Although each group may 
have occupied the caves intermittently, 
some say they may have overlapped for up 
to 10,000 years. Neandertals and moderns 
apparently even occupied the same cave, 
Tabun, at different times. The two species 
had much in common: Both lived in caves, 
used similar toolkits (although Neandertals 
may have made better spear points), and 
hunted the same fallow deer and gazelles. 
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Neandertal genome sequence and is about to 
join Church's lab. In theory, one could convert 
a human or chimp genome to a Neandertal 
genome—base by base—while it is still nicely 
nestled in a stem cell, then clone it. But there's 
on the order of a million differences between 
the Neandertal and human genomes, and the 
more changes needed, the greater the risk of 
introducing errors. 

If, somehow, a viable embryo were pro- 
duced, this developing chimera would need 
a surrogate mother. What species would that 
mother belong to? Again, the obvious choice 
is a human, but no one knows whether a mod- 
ern woman’s biochemistry would be compat- 
ible with that of a Neandertal fetus. And is 
it ethical for a human surrogate mother to 
birth a Neandertal baby? Church thinks ethi- 
cal views will evolve as technology improves. 
Once cloning works well in a variety of ani- 
mals and stem cell-derived organs become 
commonplace, “I think the resistance to it will 
disappear,” he says. 

But others disagree. “We do not—and 
should not—create human beings just to sat- 
isfy our scientific curiosity,” says Padbo, point- 
ing out that Neandertals are a species of human, 
so cloning them raises many of the same ethical 
issues as cloning a modern human. 

Cloning Neandertals would involve sev- 
eral “ethically deplorable steps,” says Briggs, 
including using surrogate mothers and risking 
high failure rates, abnormal births, and, some- 
times, early death of clones. With a Neander- 
tal, “all of these safety issues would apply, 
only writ large,” says Wilmut. And how would 
a Neandertal fit into modern human society? 
“| see no palatable conditions,” says Paabo. 
“Not even for medical purposes are we think- 
ing about creating a [modern] human being. 
Why would we consider something like this, 
which is much less pressing?” 

—E.P. 


“It doesn’t surprise me,” says archaeolo- 
gist Ofer Bar-Yosef of Harvard University 
about the ancient DNA finding. “We always 
predicted low-level mixing,” because some 
Neandertals in the Middle East, such as a 
female skeleton at Tabun, look less robust 
than Neandertals in Asia and Europe. Mix- 
ing in this region could also have happened 
later, when another group of modern humans 
came out of Africa about 60,000 years ago 
and perhaps met Neandertals, who were still 
occupying caves in the Middle East until 
50,000 years ago, says Stringer. 

Finally, the researchers cannot rule out 
the possibility that what they see as ““Nean- 
dertal” motifs are really ancient genetic 
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Computer Kid Makes Good 


Late 2007 was a real low point for Richard “Ed” 
Green and colleagues at the Max Planck Insti- 
tute for Evolutionary Anthropology in Leipzig, 
Germany. A year earlier, in Nature, they had 
predicted that they could sequence the Nean- 
dertal genome using 20 grams of bone and 
6000 runs using “next generation” sequenc- 
ing technologies. They knew going in that most 
of the DNA in fossil bone is bacterial, with only 
a small percentage of Neandertal DNA. But 
it turned out that the bones to be sequenced 
had far less Neandertal DNA than the sample 
on which they based their projections. “We 
were in kind of an awkward situation of having 
announced to the world we were going to do it, 
and we were left with no concrete plan of how 
to do it,” Green recalls. “That was very scary.” 
Their fears increased when they discovered that 
their first million bases of Neandertal sequence 
were contaminated with modern human DNA. 

“But we worked it out along the way,” says 
Green, the postdoctoral fellow in charge of the 
project. He and colleagues developed methods 
to control contamination by putting bar codes 
on all DNA coming from the fossils (Science, 
13 February 2009, p. 866). They cut down on 
the amount of DNA to be deciphered by cut- 
ting up much of the bacterial DNA so that the 
sequencing reactions ignored it. Everyone, espe- 
cially Green, stresses the team effort involved. 
“Many people here have been able to say they 
‘saved the Neandertal genome project,’” he 
notes. And yet Green, 37, still stands out. 

“Ed brought the quantitative and algo- 
rithmic horsepower needed to interpret the 
Neandertal data,” says David Haussler of 
the University of California (UC), Santa Cruz, 
where Green now works as an assistant profes- 
sor. “He invented new analysis methods that 
allowed the Neandertal project to happen.” 

That computational horsepower is what 
landed Green the job of shepherding 
the Neandertal genome. After getting a 
degree in computational biology from UC 
Berkeley, he joined Svante Paabo’s lab at 
the Max Planck institute in 2005 to explore 


Problem solver. Richard Green overcame 
obstacles to sequencing Neandertal DNA. 


the evolution of genes that can code for more 
than one protein. Paabo and the sequencing 
company 454 Life Sciences in Branford, Con- 
necticut, had just sequenced cave bear and 
mammoth DNA and were puzzling over the 
results: There was so much microbial sequence, 
it was hard to detect mammalian DNA. Green 
knew what to do: He enlisted a cluster of com- 
puters to compare the DNA with that of known 
sequences, including dog and elephant, so 
he could discard the microbial sequence and 
focus on the tiny bit of mammalian DNA. 

“This was really the first large-scale snap- 
shot of what the universe of [ancient] DNA 
looked like when it came out of a bone,” Green 
recalls. “Then Svante said, ‘Let’s try Neander- 
tal.’ It was obvious that this was a once-in-a- 
lifetime opportunity.” 

He took charge of the bioinformatics effort, 
writing software to better detect Neander- 
tal DNA and to deal with degradation. “He is 
able to design ways to analyze a whole genome 
under circumstances that are nonstandard,” 
says Padbo. 

Green also coordinated the design and 
logistics of the rest of the project, which 
involved about 50 people. He was “very patient 
in terms of helping and training others,” says 
Padbo. Former graduate student Adrian Briggs 
agrees: “Without Ed’s enthusiasm and compe- 
tence, the project would never have proceeded 
so fast.” The job required long hours at the lab, 
but Green says he didn’t mind because the Max 
Planck facilities were “maximally comfortable,” 
complete with Ping-Pong table, sauna, barbe- 
cue grill, and even a resting room. 

Switching gears was not new to Green, 
who had started off in developmental biol- 
ogy as an undergrad and studied cancer biol- 
ogy in grad school before moving to compu- 
tational biology. Now that he’s settled in at 
UC Santa Cruz, Green expects to switch gears 

again. He wants to look at gene expres- 
sion in nonmodel organisms while 
continuing to work with Paabo 
on Neandertal DNA. “Ed is an 
incredibly skilled bioinformati- 
cian,” says Paabo. “It would be 
great if we could continue to 
work together.” 

—-ELIZABETH PENNISI 
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SEPARATING THEM FROM US 


Some genes that differ between modern humans and Neandertals 


Gene 


variants that Neandertals and some mod- 
ern humans inherited from a common 
ancestor they shared before Neandertals 
split off. Although all early modern popu- 
lations, including in Africa, interbred, that 
gene flow was not complete enough to pass 
these Neandertal motifs to all Africans. 
Human populations that were more closely 
related to the ancestors of Neandertals 
carry those motifs while Africans do not, 
says Reich. 

To date, the genomic data don’t sup- 
port interbreeding in the time and place 
when everyone most expected it: between 
45,000 and about 30,000 years ago in 
Europe. Neandertals and moderns lived in 
such proximity in France, for example, that 
some researchers think Neandertals imitated 
modern stone-tool and beadmaking technol- 
ogies. But such late European mixing can- 
not explain the current findings, in which 
Asians and Europeans are equally similar 
to Neandertals. It’s still possible that Nean- 
dertals and modern humans in Europe inter- 
bred rarely and that the Neandertal genes 
were swamped out in a large population of 
modern humans, says Slatkin. 

In some ways, it is surprising that there 
isn’t more evidence of interbreeding, now 
that researchers know it was biologically 
possible. “For some reason, they didn’t 
interbreed a lot—something was preventing 
them,” says evolutionary geneticist Sarah 
Tishkoff of the University of Pennsylvania. 
“Was it a cultural barrier?” 


Modern motifs 

The Neandertal genome also gives research- 
ers a powerful new tool to fish for genes that 
have evolved recently in our lineage, after we 
split from Neandertals. The team compared 
the Neandertal genome with the genomes of 
five diverse modern humans. They found 78 


SPAG17 


Significance 


Encodes the protein repetin, expressed in sk 
glands, hair roots, and tongue papilli 


Encodes melastatin, a protein that helps maintain skin 


pigmentation 


Associated with type 2 diabetes in humans; evolution- 


ary changes may have affected energy metabolism 
Found in an area critical for causing Down syndrome 
Mutations associated with schizophrenia 

Mutations implicated in autism 


Causes cleidocranial dysplasia, characterized by 


delayed closure of cranial sutures, malformed clavicles, 


bell-shaped rib cage, and dental abnormalities 


Protein important for the beating of the sperm 
flagellum 


Different paths. A partial list of genes that differ 
between Neandertals (left, reconstruction from 
Amud Cave, Israel) and early modern humans 
(right, reconstruction from Qafzeh Cave, Israel). 


new nucleotide substitutions that change the 
protein-coding capacity of genes and that 
are present in most humans today; just five 
genes had more than one such substitution. 
That’s a tiny fraction of the 3 billion bases in 
each genome. “Only 78 substitutions in the 
last 300,000 years!” says Poinar. “The fact 
that so few changes have become fixed on 
the human lineage is amazing.” 

But the mutations they’ve found so far 
“are all very interesting, precisely because 
there are so few,” says Paabo, whose team 
is trying to identify their function. The cat- 
alog includes changes in genes that encode 
proteins important for wound healing, the 
beating of sperm flagellum, and gene tran- 
scription (see table, above). Several of these 
newly evolved modern human genes encode 
proteins expressed in the skin, sweat glands, 
and inner sheaths of hair roots, as well as 
skin pigmentation. “The fact that three of six 
genes carrying multiple substitutions are in 
skin is fascinating,” says Poinar. Paabo spec- 
ulates that these changes “reflect that skin 
physiology has changed but how, of course, 
we don’t know yet.” 

Some of those changes are likely to be 
neutral changes that accumulated through 
genetic drift, but the team also used the 
Neandertal data to find other evolution- 
ary changes that were beneficial to modern 
humans and so rose to high frequencies in 
some populations. Specifically, they have 
identified 15 regions containing between 
one and 12 genes. The widest region is 
located on chromosome 2 and contains the 
gene THADA, a region that varies in mod- 
ern humans and that has been associated 


with type 2 diabetes. Changes in this gene 
may have affected energy metabolism in 
modern humans. 

Other mutations appear to be in genes 
important in cognitive development and 
that, when mutated in living people, con- 
tribute to diseases such as Down syndrome, 
schizophrenia, and autism. One gene, 
RUNX2, is associated with a disease that 
leads a spectrum of developmental abnor- 
malities, including misshapen clavicles and 
a bell-shaped rib cage. Suggestively, Nean- 
dertals had bell-shaped rib cages and pos- 
sibly peculiar clavicles. But precisely how 
all these genetic differences are expressed 
physiologically is the next frontier. “We 
need to follow up. Are there regions that 
are functionally significant?” says Tishkoff. 
By 7 May, the Neandertal data should be 
posted on Ensembl and the UC Santa Cruz 
browser, so other teams can do just that, 
says Paabo. 

His own group is already working 
on such functional studies. Postdoctoral 
researcher Matthias Gralle is analyzing 
the way these recently evolved genetic 
differences change the way proteins are 
expressed. Such studies may eventually 
offer clues about why Neandertals went 
extinct—and our ancestors didn’t. “The 
mystery isn’t just why they disappeared,” 
says paleoanthropologist Jean-Jacques 
Hublin of the Max Planck Institute for 
Evolutionary Anthropology. “It is why we 
were so successful that we replaced all the 
others.” For now, researchers are delighted 
that this “groundbreaking” genomic work 
has made it possible to ask such interest- 
ing questions, says Poinar. “This is the real 
appeal of this project: What will the genome 
of the Neandertal tell us about functional 
differences between the two [species],” says 
Poinar. —-ANN GIBBONS 
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Unraveling a Riddle in Plain Sight 


Amateur archaeologist Frédérique Darragon has spent 12 years documenting hundreds 
of mysterious towers in Southwest China—and winning over skeptical academics 


CHENGZI, CHINA—The jeep grinds over 
arise on a rutted dirt road in the foothills 
of the Himalayan Mountains. “Stop here!” 
exclaims Martine Francoise Darragon. The 
svelte socialite-turned-explorer leaps out 
and holds up an old photo showing snow- 
capped peaks towering over gentle valley 
slopes, with a rock-strewn river in the fore- 
ground. The black-and-white landscape of 
western Sichuan Province, captured in the 
1930s by the intrepid botanist Joseph Rock, 
matches the view from where Darragon, 
who goes by the name Frédérique, is stand- 
ing. “This is where he took the picture,” she 
says in her French—New York City accent. 
But something from the photo is missing 
from the land today: two eye-catching stone 
towers whose beveled walls, viewed from 
above, would form eight-pointed stars. 

In the 70 years since Rock’s travels 
through the Tribal Corridor of Tibet and 
western Sichuan, a small village inhab- 
ited by Minyag people has sprung up here 
on the banks of the Chengzi River, some 
3750 meters above sea level. Defying the 
thin air, Darragon, 60, bounds across a 
stone bridge over the Chengzi and makes 
a beeline to where the nearest tower in the 
postcard once stood. All that’s left now of 
a structure that had been at least 25 meters 
tall is a dilapidated first-floor section: inte- 
rior stonework and fill, and a doorway fram- 
ing blue sky. Over more than a decade, Dar- 
ragon has identified nearly 
1000 such ancient 
structures in 


Star attraction. Western Sichuan’s star-shaped 


Sichuan and neighboring Tibet, from total 
wrecks like this one to largely intact towers 
exceeding 50 meters in height. Many more 
have been lost through the ages. 

Why these Himalayan towers were built 
is an enduring mystery. Other structures— 
squat, square towers erected against northern 
invaders—once were widespread and are of 
scant scientific interest. But the much taller 
star-shaped towers and other arresting build- 
ings suggest that the medieval kingdoms of 
these lands were more ingenious and sophis- 
ticated than many scholars have presumed. 
Clusters of towers on mountain slopes may 
have been status symbols in a game of one- 
upmanship among wealthy merchants, 
Darragon says, while lone towers in river 
valleys likely served as lookouts or way 
stations on the southwestern Silk Road. 
Some towers may have held religious 
meaning. And a star-shaped design 
may help withstand shaking in a region 
prone to strong earthquakes. 

Over the past decade, Darragon 
has had fragments of wood beams 
from several dozen towers radiocarbon- 
dated, yielding approximate ages 
ranging from 300 to 1700 years old. 
Most presumably were built dur- 
ing this period, although any single 
tower’s age is hard to pin down: 
Some beams could have been 
replaced after a tower was built, 
yielding a more recent carbon-14 
date, while others could have 
been built using beams from older 
trees that predated the towers. 
Darragon may be 


Bamei tower, restoration of which was completed last 


year, likely was built in the 13th or 14th century. 
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an amateur, but her sleuthing and derring-do 
have earned the respect of Chinese scientists. 
“Some experts did not know what to think of 
her at first,” says Zhong Xiao-Hou, director of 
the National Architecture Institute of China 
in Beijing. “But we have come to admire her 
spirit and enthusiasm for our heritage.” 

Drawing on Darragon’s work, the State 
Administration of Cultural Heritage of China 
(SACH) is expected to soon nominate doz- 
ens of the more imposing structures to 
UNESCO’s World Heritage list as the Diaolou 
Buildings and Villages of Tibetan and Qiang 
Ethnic Groups Cultural Landscapes. The tow- 
ers “represent an extraordinary heritage and 
tradition, and deserve to be fully preserved,” 
says Francesco Bandarin, assistant director- 
general for culture at UNESCO. 

But a UNESCO listing may not come in 
time for a clutch of towers near Danba, in 
western Sichuan, that are imperiled by the 
construction ofa hydropower dam. The rGyal- 
rong towers have become Darragon’s latest 
cause céléebre. 


Downloaded from www.sciencemag.org on May 6, 2010 


4 NEWSFOCUS 


686 


Unlikely savior 

Darragon’s wanderings in the highlands 
of Sichuan and Tibet, a forbidding swath 
of land she has come to know better than 
most Westerners—and Chinese—are a far 
cry from the racy days of her youth. As a 
teenager from a wealthy Parisian family, 
Darragon spent summers riding horses in 
England and winter breaks skiing in the 
Swiss Alps. All the while, she nurtured a 
counterculture side: “I was a communist 
at heart,” says Darragon, who worked one 
summer on a kibbutz in Israel. 

She was also a playgirl at heart. When 
Darragon was 18, she inherited a small 
fortune from her father, an inventor and 
machinemaker. In early 1971, she sailed 
across the Atlantic as a bikini-clad deckhand 
in the first Cape Town-to—Rio de Janeiro 
race, then from Brazil to the West Indies 
before returning to Paris just in time to take 
final exams and graduate from the Univer- 
site Paris X de Sciences Economiques. 

Darragon spent a few years manag- 
ing her real estate and modeling. Then in 
the summer of 1978, she took up polo and 
was the first woman to play at the Bagatelle 
Polo Club in Paris before moving to Buenos 
Aires and becoming a record-setting player 
in Argentina. If those pursuits were not 
enough, Darragon has also raced as a jockey 
on thoroughbred horses, won renown as a 
samba dancer in Rio, and has had a lifelong 
passion for oil painting. 

Along the way, Darragon collected 
prominent boyfriends and near-death expe- 
riences. The former include cable TV mogul 
Ted Turner, whom she has known since 1969 
and lived with from 2000 to 2003. The lat- 
ter include wiping out during a high-speed 
motorcycle chase in which she smashed her 
Suzuki into a car, flew over the hood, and 
landed 10 meters away without a scratch, and 
taking a polo ball in the mouth that crushed 
her jaw and knocked out several teeth. (She 
wrapped a scarf around her head and fin- 
ished the game.) “At times I do regret my 
happy-go-lucky life,” says Darragon, who 
has no children and never married. But then 
she found a higher purpose in China. 

Darragon visited China for the first time in 
the early 1990s and afterward spent months 
each year backpacking across the country. 
In 1993, her interest in the endangered snow 
leopard brought her to Tibet, where she would 
have her most serious brush with death. On 
a solo trek in the Himalayas near the border 
with Bhutan in 1996, Darragon decided to 
shelter overnight in a tiny cave. It was freez- 
ing, so she lit a fire inside. “Terrible idea,” 
says Darragon, whose Chinese name, Bing 


A higher purpose. Frédérique Darragon samples 
wood for radiocarbon analysis. World Heritage 
status would be a boost for Minyag and other 
minorities who tend the towers. 


Yan, means “‘ice flame.” The fire sucked the 
scant oxygen from the thin air and, Darragon 
says, “I felt a snap inside my head.” She had 
suffered a stroke and couldn’t control her left 
side, but managed to drag herself outside the 
cave before blacking out. Three days after she 
recovered consciousness, Tibetan shepherds 
came across her and carried her to a village, 
where she caught a ride to Lhasa, Tibet’s capi- 
tal. Enfeebled, Darragon holed up in the Holi- 
day Inn—at the time, the only hotel in Lhasa 
with room service. “I could only crawl and 
didn’t want my mother to see me in such a 
state,” she jokes. Four months later, she felt 
well enough to fly back to France. 
Darragon was soon back in Tibet 
and venturing where few foreigners had 
ever gone, such as the remote valleys of 


Gongbu Jiangda, which once belonged to 
the ancient Nyangpo Kingdom. It was in 
places like that, off the beaten track, where 
Darragon encountered the stone towers, 
including ones with the astonishing star- 
shaped walls. Locals did not know who had 
built the towers, how old they were, or why 
they were built. 

Archaeologists knew about some of 
the more accessible towers, and Taoping, 
a Qiang village with several towers a few 
hours from Chengdu, Sichuan’s capital, has 
long been a tourist draw. Darragon has spent 
a total of 5 years roaming the hinterlands 
of Sichuan and Tibet, analyzing more than 
250 standing towers, including a few dozen 
star-shaped ones and 750 or so other ruins. 
“The sheer amount of data she has collected 
about these architectural curiosities will be 
welcomed by a variety of specialists,” says 
John Vincent Bellezza, senior research fel- 
low at the Tibet Center of the University of 
Virginia in Charlottesville. 

Under the auspices ofthe Unicorn Founda- 
tion, a U.S. nonprofit that Darragon founded 
in 2001 with seed money from Turner, wood 
samples from 77 towers—S4 in Sichuan and 
23 in Tibet—have been radiocarbon-dated 
by Beta Analytic in Miami, Florida. With 
Darragon’s help, over the past 6 years Achim 
Brauning, a dendrochronologist at the Uni- 
versity of Erlangen-Niirnberg in Germany, 
has been building a tree-ring database from 
the region. He has radiocarbon-dated wood 
from 16 towers; preliminary results, he 
says, corroborate Darragon’s data. The ear- 
liest date—318 C.E., with a margin of error 
of 40 years—is from a star-shaped tower in 
Nyangpo. “It’s probably the oldest one still 
standing in the world,” Darragon says. 


Search for meaning 

Solving the riddle of the towers is a daunt- 
ing challenge. When Darragon queried 
locals, she often just got shrugs. Some- 
times it was lack of knowledge; sometimes 
it was a communication barrier. The region 
is a Tower of Babel of mutually unintelli- 
gible languages, and Mandarin Chinese 
won’t get you far. Chinese annals from the 
Han Dynasty, which lasted from 206 B.C.E. 
to 220 C.E., refer to tall towers, according 
to Chen Zongxiang, a retired historian in 
Chengdu. Some old towers along the Min 
River in Sichuan are spaced several kilo- 
meters apart on a clear line of sight and 
must have served as watchtowers or bea- 
cons, says Yasuhiko Nagano, an expert on 
the Tibetan rGyalrong languages at the 
National Museum of Ethnology in Osaka, 
Japan. Untold numbers of smaller tow- 
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ers were built during the Jinchuan Wars 
of the 18th century, when the Manchurian 
emperor Qian Long sought to pacify the 
region. But many of the star-shaped tow- 
ers lack classic features—arrow slits, for 
example—of defensive fortifications. 

Scholars believe that the towers served 
various purposes. A majestic, hill-hugging 
assemblage in Danba may have arisen as 
merchants vied to outdo each other with 
taller and taller structures, similar to the ori- 
gin of the San Gimignano towers in Italy, 
says Darragon. Other towers may have sym- 
bolized the dmu cord that in Tibetan lore con- 
nects heaven and Earth. In rGyalrong lands, 
now part of western Sichuan, “it appears that 
some towers were built to propitiate the dei- 
ties” by ceremonially projecting ritual par- 
ticipants into a sky realm, says Bellezza. 

One idea of Darragon’s gaining support 
is that towers were way stations along the 
southern Silk Road, which passed through 
Tibet and Sichuan. “The more fabulous tow- 
ers all lie along the trade routes,” she says. 
Many are located in strategic spots in river 
valleys along routes traveled by medieval 
caravans. According to Zhong, these towers 
“may have embodied the economic strength 
of each village.” Major commodities in the 
region then were silk, salt, tea, and musk 
of the forest musk deer. “Beyond the fact 
that we know that this area was exporting 
valuable musk in medieval times, we don’t 
know very much about the mechanics of 
the musk trade,” says Anya King, a histo- 
rian at the University of Southern Indiana 
in Evansville. Chinese scholars have postu- 
lated a “Musk Road” linking with the Silk 
Road in the Ngari region of western Tibet. 
“Tt is entirely possible that the towers served 
as regional depots of the trade routes, but at 
this point it won’t be easy to prove,” King 
says. To test the idea, Darragon is attempt- 
ing to organize a dig to sample soil for silk, 
tea, and musk remains at one undisturbed 
medieval tower. 

The star-shaped construction, with its 
distinctive five to 13 points, is found almost 
nowhere else. Only a handful of such towers 
exist outside the region, in India, Iran, Tajik- 
istan, and Afghanistan—including the Bah- 
ram Shah Minaret in Ghazni. The shape may 
help resist earthquakes. “That’s what local 
people tell us,” says Li Chunxia, an anthro- 
pologist at Sichuan University in Chengdu 
who has collaborated with Darragon. 

Earthquakes are not the main threat, how- 
ever. Impoverished villagers have blown up 
or dismantled towers for building materials, 
Li says. An especially grievous loss was two 
ancient Nyangpo towers destroyed in 2006 
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Cultural landscape. Some towers in Sichuan and Tibet were defensive fortifications. Others 
may have held religious meaning or may have been way stations on the Silk Road. 
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and 2008, Darragon says. She has come 
across three villages named Bajiaodiao, or 
“eight-angle fortress,” only to find nothing 
but scattered stones. “The remaining towers 
desperately need protection,” she says. Tour- 
ism could help. The Unicorn Foundation has 
assisted some communities to restore towers 
and convert farmhouses into guesthouses. 
“Tf rightly harnessed, some of the proceeds 
could go to scientific pursuits in the region,” 
says Bellezza. 

Another big boost for the preservation 
effort, Darragon says, would be to include 
the towers on UNESCO’s World Heritage 
List. Over the years, Darragon and Unicorn 
have submitted maps, radiocarbon data, and 
oral history to SACH in support of a nom- 
ination. “She is so diligent. Even though 
she is not a professional, her work is hard 
to refute,” Li says. “Frédérique is a force,” 
adds Bandarin. “She has identified the value 
of this heritage, she has promoted the nec- 
essary research and scientific investigation, 
and she has attracted the interest of the local 
and national governments and of UNESCO,” 
he says. SACH is expected to decide soon on 
whether to nominate several groups of tow- 
ers as Cultural Landscape sites. “The cul- 
tural self-esteem of about 50,000 minority 
people living in these regions is riding on it,” 
Darragon says. 

If the nomination comes through, 
Darragon says she can rest easy—and 
move on. “I’ve never spent such a long time 
on any one thing in my life,” she says. But 
Darragon has set herself one last tower- 
related task: saving several rGyalrong tow- 
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ers near Danba, which have special signifi- 
cance to her. She glimpsed towers in China 
for the first time on a trip to Danba, when 
in 1997, she recalls, “in the pouring rain I 
caught sight of tall structures clinging to far- 
away mountain slopes.” 

Several of these towers, including the 
tallest in Sichuan that is about 700 years old, 
are in jeopardy. “They will be under water,” 
Darragon says, if a second dam planned for 
the area is built. Chinese colleagues and 
other experts have joined with her to lobby 
authorities to revise the hydropower plans. 

A recent trip to Danba allowed Darragon 
to reinforce that message. In Badi village 
high in the Danba hills, three young girls 
dash out of their home, smiling and gig- 
gling, as Darragon’s jeep pulls up. She and 
her entourage are invited into the rGyalrong 
home for bowls of homemade cottage cheese 
and butter tea. They’ve known Darragon for 
years and treat her like family. 

After a chat, Darragon takes her leave 
and gets back to work. As the afternoon 
shadows lengthen, she climbs into a ruined 
section of a fortress with an attached tower 
and uses a penknife to gouge a chunk from 
a wooden beam that she’ll send for radio- 
carbon analysis. “That’s it for today,” she 
says. Tomorrow she has more survey work 
and a meeting with Danba officials. “I will 
do my best to persuade them that a World 
Heritage nomination would benefit Danba 
more than a second dam would,” she says. 
Given her tenacity, it would be a wonder if 
her latest quest were to fail. 

—-RICHARD STONE 
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Climate Change and the Integrity of Science 


WE ARE DEEPLY DISTURBED BY THE RECENT ESCALATION OF POLITICAL ASSAULTS ON SCIENTISTS 
in general and on climate scientists in particular. All citizens should understand some basic sci- 
entific facts. There is always some uncertainty associated with scientific conclusions; science 
never absolutely proves anything. When someone says that society should wait until scientists 
are absolutely certain before taking any action, it is the same as saying society should never 
take action. For a problem as potentially catastrophic as climate change, taking no action poses 
a dangerous risk for our planet. 

Scientific conclusions derive from an understanding of basic laws supported by laboratory 
experiments, observations of nature, and mathematical and computer modeling. Like all human 
beings, scientists make mistakes, but the scientific process is designed to find and correct them. 
This process is inherently adversarial—scientists build reputations and gain recognition not 
only for supporting conventional wisdom, but even more so for demonstrating that the scientific 
consensus is wrong and that there is a better explanation. That’s what Galileo, Pasteur, Darwin, 
and Einstein did. But when some conclusions have been thoroughly and deeply tested, ques- 

tioned, and examined, 
they gain the status of 
“well-established the- 
ories” and are often 
spoken of as “facts.” 
For instance, there 
is compelling scien- 
tific evidence that our 
planet is about 4.5 
a — billion years old (the 
~ theory of the origin of 
Earth), that our uni- 
verse was born from a 
single event about 14 
billion years ago (the 
Big Bang theory), and 
that today’s organ- 
isms evolved from 
ones living in the past 
(the theory of evolu- 
tion). Even as these 
are overwhelmingly 
accepted by the scientific community, fame still awaits anyone who could show these theories 
to be wrong. Climate change now falls into this category: There is compelling, comprehensive, 
and consistent objective evidence that humans are changing the climate in ways that threaten 
our societies and the ecosystems on which we depend. 

Many recent assaults on climate science and, more disturbingly, on climate scientists by cli- 
mate change deniers are typically driven by special interests or dogma, not by an honest effort to 
provide an alternative theory that credibly satisfies the evidence. The Intergovernmental Panel 
on Climate Change (IPCC) and other scientific assessments of climate change, which involve 
thousands of scientists producing massive and comprehensive reports, have, quite expectedly 
and normally, made some mistakes. When errors are pointed out, they are corrected. But there 
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PERSPECTIVES 


is nothing remotely identified in the recent 
events that changes the fundamental conclu- 
sions about climate change: 

(1) The planet is warming due to increased 
concentrations of heat-trapping gases in our 
atmosphere. A snowy winter in Washington 
does not alter this fact. 

(ii) Most of the increase in the concentra- 
tion of these gases over the last century is due 
to human activities, especially the burning of 
fossil fuels and deforestation. 

(iii) Natural causes always play a role in 
changing Earth’s climate, but are now being 
overwhelmed by human-induced changes. 

(iv) Warming the planet will cause many 
other climatic patterns to change at speeds 
unprecedented in modern times, including 
increasing rates of sea-level rise and altera- 
tions in the hydrologic cycle. Rising concen- 
trations of carbon dioxide are making the 
oceans more acidic. 

(v) The combination of these complex 
climate changes threatens coastal communi- 
ties and cities, our food and water supplies, 
marine and freshwater ecosystems, forests, 
high mountain environments, and far more. 

Much more can be, and has been, said by 
the world’s scientific societies, national acad- 
emies, and individuals, but these conclusions 
should be enough to indicate why scientists 
are concerned about what future generations 
will face from business-as-usual practices. 
We urge our policy-makers and the pub- 
lic to move forward immediately to address 
the causes of climate change, including the 
unrestrained burning of fossil fuels. 

We also call for an end to McCarthy-like 
threats of criminal prosecution against our 
colleagues based on innuendo and guilt by 
association, the harassment of scientists by 
politicians seeking distractions to avoid 
taking action, and the outright lies being 
spread about them. Society has two choices: 
We can ignore the science and hide our heads 
in the sand and hope we are lucky, or we can 
act in the public interest to reduce the threat 
of global climate change quickly and sub- 
stantively. The good news is that smart and 


689 


Downloaded from www.sciencemag.org on May 6, 2010 


Bey eRS 


effective actions are possible. But delay must 
not be an option. 
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Shifting the Debate 
on Geoengineering 


AS DISCUSSED IN THE RECENT POLICY FORUM 
“The politics of geoengineering” (J. J. 
Blackstock and J. C. S. Long, 29 January, 
p. 527), there is growing recognition that 
avoiding dangerous climate change dur- 
ing the 21st century may require society to 
adopt geoengineering technologies to sup- 
plement CO, emission reduction efforts. 
Unfortunately, despite the essential role 


that CO, removal (CDR) and solar radia- 
tion management (SRM) technologies may 
play in reducing the risks of dangerous cli- 
mate change, discussions of the necessary 
research and development [including the 
Policy Forum and others (/, 2)] frequently 
turn into debates about the environmental 
costs and benefits of SRM. A more produc- 
tive approach would shift the debate to com- 
paring the relative costs and benefits of CDR 
and SRM. 

CDRapproaches are frequently discounted 
because, as Blackstock and Long explain, 
“technical challenges and large uncertainties 
[surround] large-scale CDR deployment.” 
Although this may be true for human-built 
systems that capture CO, from air at ambient 
concentrations, there are other technologies 
based on biological carbon fixation that could 
be fast-tracked for rapid deployment during 
the next few decades (3). Most major inter- 
national energy corporations are investing 
in algal-based biofuel technologies because 
of the tremendous production potential of 
algae relative to terrestrial energy crops (4). 
Commercial-scale production of algal bio- 
fuels will begin during the next 5 years, and 
rapid scaling up can be expected afterward if 
the economic incentives are favorable. How- 
ever, becoming carbon negative will require 
society to develop plans for retrofitting exist- 
ing coal-fired power plants and building 
future ones so that they can burn algal bio- 
mass and capture the emitted CO, for sub- 
sequent sequestration. The basic technologies 
described here are not novel; rather, I am pro- 
posing a conceptual rearrangement that may 
enable society to transition more gracefully 


CORRECTIONS AND CLARIFICATIONS 


Research Articles: “Doc2b is a high-affinity Ca** sensor for spontaneous neurotransmitter release” by A. J. Groffen et al. 
(26 March, p. 1614). Several author affiliations were not footnoted properly; three corrected affiliations follow. Y. Takai, 
Department of Biochemistry and Molecular Biology, Kobe University Graduate School of Medicine, Kobe 650-0017, Japan. 
J. G. Borst, Department of Neuroscience, Erasmus MC, University Medical Center, Rotterdam, 3000 CA, Netherlands. 

N. Brose, Max-Planck-Institut fiir Experimentelle Medizin, Abteilung Molekulare Neurobiologie, 37075 Gottingen, Germany. 


Letters: “Oil and water do mix” by J. L. Kavanau (19 February, p. 958). Due to an editorial error, the title was incorrect. 


It should have been “Opposites attract.” 


Reports: “100-million-year dynasty of giant planktivorous bony fishes in the Mesozoic seas” by M. Friedman et al. (19 


February, p. 990). The author Matt Friedman’s affiliation should have been “Committee on Evolutionary Biology, Univer- 
sity of Chicago, 1025 East 57th Street, Chicago, IL 60637, USA.” The affiliation that was listed is his present address. 


News of the Week: “DSM-V at a glance” by G. Miller and C. Holden (12 February, p. 770). In the sidebar, it was reported that 
the term “gender identity disorder” has been retained. In fact, a different term—"gender incongruence”—has been proposed. 


Research Articles: “PRDM9 is a major determinant of meiotic recombination hotspots in humans and mice” by F. Baudat 
et al. (12 February, p. 836). M. Lichten was incorrectly listed as an author in references 18 and 19. The correct authors for 
reference 18 are C. Grey, F. Baudat, and B. de Massy; for reference 19, the correct authors are E. D. Parvanov, S. H. Ng, 

P. M. Petkov, and K. Paigen. 


Reports: “Epigenetic transgenerational actions of endocrine disruptors and male fertility” by M. D. Anway et al. (3 June 2005, 
p. 1466). As clarification of the abstract to Anway et al., the F, to F, generations were examined after vinclozolin treatment, 
and F, and F, generations were examined after methoxychlor treatment. To clarify data referred to in the last paragraph of the 
Report, serum testosterone measurements after vinclozolin treatment were shown in reference 21 (Uzumcu et al.) for the F, 
generation. Data for the F, to F, generations were subsequently published in Anway et al., J. Androl. 27, 868 (2006). Serum 
testosterone measurements after methoxychlor treatment were shown in reference 20 (Cupp et al.) for the F, generation, but 
measurements of the F, generation have not been published. The Science Anway et al. manuscript showed DNA methylation 
analysis after vinclozolin treatment, but the DNA methylation data after methoxychlor treatment have not been published. 


7 MAY 2010 VOL328 SCIENCE www.sciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on May 6, 2010 


from fossil to modern carbon fuel sources 
while simultaneously reducing CO, levels in 
the atmosphere and ocean. 
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Response 
GREENE SUGGESTS THAT CO, REMOVAL 
methods deserve expanded evaluation and 
research. We agree. In the long run, these 
methods may be the only way to reduce atmo- 
spheric concentrations of CO, to values closer 
to those of the preindustrial era. Greene sug- 
gests a scheme for using biomass to generate 
electricity combined with carbon capture and 
storage. This idea has merit. Even schemes 
that capture CO, directly from the air deserve 
expanded research. 

However, Greene’s statement that “dis- 
cussions of the necessary research and 


development...frequently turn into debates 
about the environmental costs and bene- 
fits of SRM [solar radiation management]” 
misses a key point motivating all three of the 
articles he cites [our Policy Forum and (J, 
2)]. The two approaches differ in both stra- 
tegic impact and risks. Most CO, removal 
schemes, including those suggested by 
Greene, would be slow acting and expen- 
sive, and would pose no transboundary 
risks. In contrast, SRM techniques appear 
inexpensive and could have rapid climatic 
impact, but present a host of global climatic 
and political risks. 

The low cost and technical feasibility of 
some SRM technologies (particularly strato- 
spheric aerosol injection) mean that SRM 
might be our only response if a “climate 
emergency” develops. However, these traits 
also mean that SRM could be globally tested 
unilaterally by a single country, to the pos- 
sible detriment of others (3). Beyond the cli- 
matic risks this presents, such actions could 
also severely disrupt progress on interna- 
tional climate policy. 

The discussion of urgent governance 
challenges in the articles Greene cites is not 
a distraction; it is central to figuring out how 
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to safely and prudently conduct research into 
SRM technologies. No such acute research 
governance challenges exist for most CO, 
removal techniques. 
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EVOLUTION 


Two Critics Without a Clue 


Douglas J. Futuyma 


at Darwin got wrong, according 
to Jerry Fodor and Massimo Piat- 
telli-Palmarini, was natural selec- 
tion. They will fell evolutionary ethics; social, 
epistemological, and psychological Darwin- 
ism; and all such ills by cutting “the tree at its 
roots.” The authors accept the historical and 
entirely material reality of evolution and are 
forthright atheists who want no part of cre- 
ationism. But, like many earlier critics, they 
cannot accept that natural selection is the 
mechanism of adaptive evolution. 

Fodor (a philosopher and cognitive sci- 
entist at Rutgers University) and Piattelli- 
Palmarini (a cognitive scientist at the Uni- 
versity of Arizona) attempt to make their 
case by biological and philosophical argu- 
ments. Here, I address their claims from 
the viewpoint of a biologist, as I do not pre- 
tend to much knowledge of other fields. 
The authors equate evolutionary theory 
(or neo-Darwinism) with an “adaptation- 
ist” view that natural selection is virtually 
omnipotent—a view today held by hardly 
any knowledgeable evolutionary biologists. 
Their neo-Darwinian straw man claims that 
“random,” unlimited variation originates by 
mutation. In contrast, they say, newly arisen 
variation is highly nonrandom because it is 
channeled by internal (e.g., developmental) 
constraints: pigs lack wings because their 
evolved anatomy precludes heritable pheno- 
typic variation from which selection could 
possibly forge wings. Such constraints, they 
hold, largely explain convergent evolution 
and phenotypes generally. Some 
phenotypes also originate, they 
claim, by self-organization, as a 
direct consequence of physical 
and chemical laws. None of these 
arguments is new, and none is a 
substitute for natural selection. 

Evolutionary biologists have 
long understood that mutation 
is random with respect to con- 
text-specific advantage, not with 
respect to the kinds of variations that can 
arise. Phylogenetically local constraints, a 
major subject of research today, have been 
recognized by “neo-Darwinians” such as 
Ernst Mayr: 
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Of endogenous origin? Skull of golden-fronted woodpecker, 


Melanerpes aurifrons. 


Earlier authors ... had a far greater interest 
in the phenotypic potential bestowed on an 
evolutionary line by its epigenetic heritage 
than recent evolutionists. This must be kept 
in mind when we speak of the randomness 
of mutations.... [T]he epigenotype sets 
severe limits to the phenotypic expression 
of such mutations; it restricts the phenotypic 
potential. The understanding of this limitation 
facilitates the understanding of evolutionary 
parallelism and polyphyletic evolution. (/) 


But Fodor and Piattelli-Palmarini take 
endogenous constraint much further than 
almost any biologists do. They seem not to 
recognize that much more variation arises 
than becomes characteristic of the spe- 
cies—most is purged by 
selection. Moreover, use- 
ful variants are initially 
very rare and require ran- 
dom genetic drift or natu- 
ral selection to increase 
their frequency; the com- 
binations of multiple 
genes underlying most 
evolved characters cannot 
be formed or propagated 
except by selection. These are mathemati- 
cally and empirically demonstrated facts. 

Physical and chemical bases for self- 
organization exist, of course: they are the 
mechanisms by which molecules selected 
for a function perform that function. How 
could enzymes catalyze reactions if they did 
not fold (self-organize) according to physico- 
chemical principles? But folding an amino 


acid chain does not guarantee a functional 
enzyme: selection is necessary to shape those 
relatively few amino acid sequences that 
function usefully. 

The authors’ main philosophical argu- 
ment is that natural selection can 
be only a correlation rather than 
a cause, because it cannot distin- 
guish between strongly correlated 
features or properties. In practice, 
of course, evolutionary and other 
biologists separate the effects of 
correlated traits all the time, some- 
times by statistical analysis (few 
traits are perfectly correlated) and 
often by manipulative experiments, 
including many made possible by 
modern genetic methods such as 
knockouts. Much of biology con- 
sists of determining the functional 
roles of the correlated elements of 
complex systems (e.g., biochemi- 
cal pathways). This reductionist 
approach differs from Fodor and 
Piattelli-Palmarini’s thoroughgoing 
holism, which would render much of biology 
futile and which is certainly not supported by 
evolutionary data. Mosaic evolution, the rel- 
atively independent evolution of individual 
traits and genes, may not be universal, but it 
is very common. 

Fodor and Piattelli-Palmarini also 
argue that the “fit” (adaptation) of orga- 
nisms to their ecological circumstances is 
not explained by natural selection because 
“adaptation” is a tautology: An organism 
must fit its ecology (or niche). If it were phe- 
notypically other than what it is, it would fit 
a different ecology. What “explains” the fit is 
natural history, a multitude of stories such as 
how the structure of a woodpecker enables 
it to excavate insects from wood. But natu- 
ral history “isn’t a theory of evolution; it’s 
a bundle of evolutionary scenarios.” Appar- 
ently, natural history makes an evolutionary 
theory of adaptation unnecessary—espe- 
cially because (they claim) phenotypic evo- 
lution is guided not by environmental selec- 
tion but by endogenous forces. Presumably, 
then, the authors suppose that the features 
of, say, woodpeckers (e.g., chisel-like bill, 
barbed tongue, and elongated hyoid appara- 
tus) arose as a developmental package and 
that the new phenotype somehow “knew” 
that it should excavate wood. Such a hope- 
ful-monster scenario is inconsistent with all 
genetic and other biological knowledge. No 
known mechanism besides natural selection 
can account for the assembly of such a com- 
bination of genetically complex features. 
The fit of organism to environment (or “ecol- 
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ogy”), contra Fodor and Piattelli-Palmarini, 
requires an explanation of its origin. 

The diversity of organism-environment 
relationships reflects the principle that the 
fitness of phenotypes is highly context- 
dependent. Thus, the authors argue, there 
cannot be a universal theory of natural selec- 
tion, for no general relationship of pheno- 
type to fitness can be specified. But the same 
might be said of many other research pro- 
grams. For example, the effect of an enzyme 
is highly context-dependent, so Fodor and 
Piattelli-Palmarini presumably would not 
expect any successful theory in biochemis- 
try. In any case, evolutionary biologists have 
developed many causal theories, or models, 
of natural selection on particular classes of 
traits. We have highly developed theories of 
the evolution of life history traits, sex ratio, 
certain principles of form and function, and 
much more. 

These theories of natural selection work: 
they successfully predict research outcomes. 


John Werren predicted and experimentally 
confirmed that the first of two female para- 
sitic wasps who lay eggs in a host insect lays 
a more female-biased brood than the second 
(2). No such prediction could be made with- 
out selection theory. Among countless other 
examples, the pattern of variation in DNA 
sequences that betokens a “selective sweep” 
of an advantageous mutation was predicted 
years before such data could be obtained. 
Natural selection theory makes successful 
predictions across a huge range of biological 
phenomena, and it inspires countless fruitful 
research programs. What more can one ask 
of a theory? Contrast that with the ludicrous 
analogy with which Fodor and Piattelli- 
Palmarini end: “organisms ‘catch’ their phe- 
notypes from their ecologies in something 
like the way that they catch their colds from 
their ecologies.” They helpfully explain that 
the similarity consists of there being both 
environmental and endogenous instrumental 
variables. I look forward to reading about the 
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research that this formulation will inspire. 
Mayr once wrote that “Evolution seems 
to be a subject on which everybody thinks 
he is qualified to express an expert opinion” 
(3). Fodor and Piattelli-Palmarini show little 
familiarity with the vast literature on genetic 
variation, experimental analyses of natural 
selection, or other topics on which they philo- 
sophically expound. They are blithely agnos- 
tic about the causes of evolution and appar- 
ently uninterested in fostering any program of 
research. Because they are prominent in their 
own fields, some readers may suppose that 
they are authorities on evolution who have 
written a profound and important book. They 
aren’t, and it isn’t. 
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wice I have spoken at the TED (Tech- 
| nology, Entertainment, Design) con- 
ference. Twice I have begrudgingly 
agreed to the strictly enforced 18-minute talk 
format—grumbling that “ideas worth spread- 
ing” (the TED motto) could not possibly be 
conveyed in such a constrained format. And 
twice have I been proven wrong. With disci- 
pline and diligence you really can say some- 
thing of substance in a tight space, and more 
than 200 million downloads of endlessly 
entertaining and educational videos (/) prove 
the principle of pithiness. 

In The Brain and the Meaning of Life, phi- 
losopher, psychologist, and computer scien- 
tist Paul Thagard (University of Waterloo) 
has elegantly employed the pithiness prin- 
ciple. He offers a tightly reasoned, often 
humorous, and original contribution to the 
emerging practice of applying science to 
areas heretofore the province of philosophers, 
theologians, ethicists, and politicians: What 
is reality and how can we know it? Are mind 
and brain one or two? What is the source of 
the sense of self? What is love? What is the 
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difference between right and 
wrong, and how can we know 
it? What is the most legitimate 
form of government? What is the meaning 
of life, and how can we find happiness in it? 
Thagard employs the latest tools and findings 
of science in his attempts to answer these (and 
additional) questions. He briefly reviews how 
others have addressed them in the past. And 
he discusses how a scientific worldview can 
inform one’s analysis and in some cases fully 
answer the questions—at least to the satisfac- 
tion of those of us who take a strictly materi- 
alist and naturalist perspective. 

Yes, there is a point of view here, and well 
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there should be. When Henry Faw- 
cett commented to Charles Darwin 
that some scientists found Darwin 
too theoretical and believed that he 
should just let the facts speak for 
themselves, Darwin responded: 
“How odd it is that anyone should 
not see that all observation must be 
for or against some view if it is to 
be of any service” (2). Thagard’s perspective 
is that of cognitive neuroscience. He wants 
to bore into the brain to add a layer of more 
objective analysis. 

Take love, as Thagard does in a concise 
six pages. He notes that when you gaze upon 
the face of your lover, the ventral tegmental 
area and the nucleus accumbens—both rich 
in dopamine receptors and associated with 
extremely positive feelings similar to those in 
cocaine addiction—become quite active. He 
remarks how the hormone oxytocin increases 
feelings of attachment 
between people. These 
findings and numerous oth- 
ers that he mentions sup- 
port his model of emotional 
consciousness, ““emocon” 
(3). That conceptual model 
sketches how different 
areas of the brain “inter- 
act to produce emotions 
as the result of both cog- 
nitive appraisal and bodily 
perception.” In it, external 
stimuli (such as the sight of 
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your loved one) are input through the senses 
(sight, smells, touch) to the thalamus, which 
in turn stimulates both brain states and bodily 
states (increased heart rate and blood pres- 
sure, rapid breathing and flushed skin, and 
so forth). A network of mutual interactions 
among the amygdala, the insula, and vari- 
ous parts of the prefrontal cortex integrates 
bodily perceptions and cognitive appraisal. 
Thus, the base emotions from the amygdala 
(lusty passion) are linked to the higher cogni- 
tive functions of the cerebral cortex (assess- 
ment of the relationship). 

How does all this get coordinated into a 
single feeling that we call love? Our dualistic 
intuitions tell us that there must be a mind that 
knows what the brain is doing, or some brain 
module that coordinates all processes into a 
single self, or some sort of central processing 
homunculus that sits at a neural switchboard. 
Not so, says Thagard: “There is no central 
processor that coordinates all the results and 
yields a decision. Rather, the brain’s reac- 
tion to a scary face or other sensory stimulus 
comes about through the dynamic interaction 
of external sensory perception, internal sen- 
sory perception, cognitive appraisal, and pos- 
itive and negative valuation.” But from where 
does the sense of a single entity arise? Recip- 
rocal feedback systems: “Note that the con- 
nections between brain areas in the ... model 
are reciprocal, based on neural evidence that 
there is extensive feedback between neural 
populations in each pair of regions.” 

Whether or not reciprocal feedback sys- 
tems can properly account for such subjec- 
tive qualia states as love (or for the “self”) is 
highly debatable. Still, Thagard is to be com- 
mended for proposing a testable hypothesis 
and providing evidence in support of it that 
can be easily accessed by both scientists and 
general readers. On the subjective feeling of 
happiness, for example, he cites data gathered 
by social psychologist Sonja Lyubomirsky on 
what makes people happy (4). Many things 
do, among them: expressing gratitude, culti- 
vating optimism, avoiding overthinking and 
social comparison, practicing acts of kind- 
ness, nurturing social relationships, develop- 
ing strategies for coping, learning to forgive, 
increasing flow experiences (in which one is 
absorbed in an activity), savoring life’s joys, 
committing to your goals, practicing religion 
and spirituality, and taking care of your body 
through physical activity. Thagard is mildly 
dismissive of religion and spirituality, but he 
need not be—just broaden the category to 
include any activity that generates a sense of 
awe and transcendence. (For me, that comes 
from visiting astronomical observatories, 
fossil quarries, or geological formations, all 


of which lead to the contemplation of deep 
time and the humbling sense of insignificance 
before the vastness of the cosmos.) 

Toward the end of The Brain and the 
Meaning of Life, Thagard dares to employ 
an objective standard to answer the ques- 
tion “What kind of government should coun- 
tries have?” Because he gives the topic less 
than three full pages, political scientists will 
certainly feel that their field has been short- 
changed. And while I agree with his con- 
clusion that the current form of government 
most likely to satisfy human needs is “a lib- 
eral democracy operating in a capitalist eco- 
nomic system,” I take issue with his subse- 
quent qualification, “with substantial state 
support for education, health care, and other 
egalitarian social requirements.” Nonethe- 
less, I applaud Thagard’s approach of bring- 
ing to bear on the question two data sets: the 
United Nations Human Development Index 
(5) (which rates 177 countries on how well 
they provide their citizens with “a long and 
healthy life, education, and a decent standard 
of living’) and yearly surveys, since 1981, of 
subjective well-being (happiness) (6). Iceland, 
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volume presents nearly 200 color photos by Kleihege that depict the site, structures, surrounding 
landscapes, clay statuettes, and crafted objects (below, stone monolith in front of Pyramid Galeria). 


Canada, Ireland, the Netherlands, and Switz- 
erland appeared near the top in both lists. It is 
true that two data sets do not a political sci- 
ence make, but Thagard’s concluding remarks 
in this section are a model of scientific cau- 
tion and skepticism: “We should also not rule 
out the possibility that some form of govern- 
ment not currently practiced might actually 
be better for meeting vital human needs than 
those now in operation. Perhaps future social 
experiments will find creative new ways of 
governing states that will be more effective 
than those now observed.” Although we can- 
not implement such experiments in the name 
of science, if they do happen, scientists should 
be the first in to record the results. 
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SCIENCE AND SOCIETY 


Testing Time for Climate Science 


Sheila Jasanoff 


n 31 March 2010, a British par- 
()iznsses committee exonerated 

Philip D. Jones, director of the Cli- 
matic Research Unit (CRU) at the Univer- 
sity of East Anglia, of personal wrongdoing 
in his conduct and management of research. 
Climate science fared less well. The Science 
and Technology Committee concluded in its 
report that the focus ona single individual had 
been misplaced: “we consider that Professor 
Jones’s actions were in line with common 
practice in the climate science community” 
(1). Those practices included routine refus- 
als to share raw data and computer codes. The 
committee judged that this had to change and 
that all future raw data and methodological 
work should be publicly disclosed. 

In early 2009, few would have predicted 
that climate science was headed for a public 
trial or public embarrassment. The Intergov- 
ernmental Panel on Climate Change (IPCC), 
the world’s chief provider of scientific knowl- 
edge about the climate, enjoyed a pristine rep- 
utation. With nearly two decades of work and 
four assessment reports to its name, the IPCC 
seemed to have quelled the doubts of many 
skeptics. A growing scientific consensus 
accepted the anthropogenic causes of climate 
change (2). Added validation came when the 
IPCC shared the 2007 Nobel Peace Prize with 
former Vice President Al Gore. President 
Barack Obama earned worldwide commen- 
dation when he signaled that America was at 
last willing to act on the IPCC’s painstakingly 
assembled knowledge. 

The ground shifted dramatically in 
November 2009 with the event that became 
known as “climategate” (3). A hacker entered 
the CRU’s computer system and disclosed 
some 1000 private e-mails and 3000 doc- 
uments. Some showed climate scientists 
apparently fudging data to exaggerate the 
effects of warming. Words like “trick” and 
“hide,” referring to modelers’ techniques of 
representing data, were seized upon as signs 
that CRU was purposefully distorting results 
to support its claims. Other messages sug- 
gested that scientists were reluctant to make 
raw data available to known critics and had 
tried to keep unfriendly papers from publica- 
tion in peer-reviewed journals. In the ensu- 
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ing uproar, the credibility of climate science 
suffered. A poll conducted in February 2010, 
found a 30% drop over 1 year in the percent- 
age of British adults who believe climate 
change is “definitely” real (4). 

In a time when global policy increasingly 
depends on scientific knowledge, the CRU’s 
plight is not good news for science or society. 
What can be done to guard against such set- 
backs and to rebuild public faith in the cred- 
ibility of climate science? A half-century of 
scientific advising holds some lessons. 


From Integrity to Accountability 

Scientific progress has always depended on 
credibility and trust. To build new knowl- 
edge, scientists have to be able to take each 
other’s findings at face value. If every claim 
needed to be verified before others could act 
on it, research would grind to a halt. English 
experimental scientists in the 17th century 
set out to perfect, not only their methods of 
inquiry, but also the techniques of commu- 
nication that would enhance credibility. For 
example, the adoption of an impersonal writ- 
ing style increased the appearance of objec- 
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Climate science needs better ways of 
accounting for itself to the jury of the world. 


tivity (5). As in the law, fact-finding in sci- 
ence also called on witnesses to validate new 
claims. The sociologist R. K. Merton attrib- 
uted the rise of peer review, a form of “orga- 
nized skepticism,” to scientists’ need for 
results that could be trusted (6). 

In earlier times, it was enough to build 
trust within a researcher’s community of 
scientific peers. Disciplines were small and 
methodologically coherent. Research neither 
drew heavily on public funds nor profoundly 
affected public decisions. Today, the circle of 
stakeholders in science has grown incompa- 
rably larger. Much public money is invested 
in science and, as science becomes more 
enmeshed with policy, significant economic 
and social consequences hang on getting the 
science right. Correspondingly, interest in the 
validity of scientific claims has expanded to 
substantially wider audiences. It is not only 
the technical integrity of science that matters 
today but also its public accountability. 

In the United States, an elaborate legal 
framework for holding policy-relevant science 
accountable has been in the making since just 
after World War II. The 1946 Administrative 
Procedure Act (Public Law 79-404) required 
federal agencies to consult with the public 
before enacting new regulations; at minimum, 
providing notice and an opportunity to com- 
ment. A later milestone was the 1969 National 
Environmental Policy Act (NEPA) (Public 
Law 91-190), which called for extensive pub- 
lic inputs. Scoping exercises and hearings 
designed to solicit information from the pub- 
lic and to explain agency findings became 
recognized elements of the NEPA process. 
Many environmental and consumer protec- 
tion laws now mandate public involvement 
beyond the requirements of notice and com- 
ment. Moreover, administrative decisions 
can be overturned if an agency does not have 
adequate scientific and technical evidence 
or has failed to act reasonably on the basis 
of available knowledge (7). Under the Fed- 
eral Advisory Committee Act (FACA) (Pub- 
lic Law 92-463), scientific advisory com- 
mittees must be fairly balanced and, in the 
absence of special circumstances, commit- 
tee meetings and records are presumed to be 
open to the public. 

The rising importance of public account- 
ability is also reflected in growing concern 
with ethics in science and the proliferation of 
ethics oversight bodies. Once limited largely 
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to concern for the welfare of human and ani- 
mal subjects, today, ethics covers a wide array 
of issues across many emerging areas of sci- 
ence and technology, including stem cell 
research, nanotechnology, computer science, 
and the neurosciences. It is no longer enough 
to establish what counts as good science; it is 
equally important to address what science is 
good for and whom it benefits. 

A 1983 and a 1996 report of the National 
Research Council bookended the turn from 
integrity to accountability. The first (8) rec- 
ommended that the largely scientific exercise 
of risk assessment should be separated as far 
as possible from the political and value-laden 
task of risk management. The chief purpose 
was to protect science against possible biases. 
The second (9) concluded that risk analysis 
should be seen as an intertwined analytic- 
deliberative process, requiring repeated pub- 
lic consultation even in the production and 
assessment of scientific knowledge. Here, 
there was recognition that public consulta- 
tion improves the quality and acceptability of 
expert judgments. 

Science today has to meet a series of pub- 
lic expectations, not only about its products 
but also about its processes and purposes. The 
credibility of climate science has to be evalu- 
ated in this context of heightened demand for 
accountability. Accountability can be seen as 
a three-body problem, with each interacting 
component posing special problems for cli- 
mate science. 


A Three-Body Problem 
The individual scientist or expert. In any 
professional activity where truth-telling 
counts—whether in law, accounting, engi- 
neering, medicine, or science—practitioners 
must be held to high standards of honesty 
and integrity. In science, peer review partly 
serves this purpose, weeding out dishonesty 
and misrepresentation along with mistaken or 
inconclusive results. Of course, the scientific 
community has experienced many episodes 
of misconduct (/0), but there is often broad 
agreement on what constitutes deviant behav- 
ior, and publics by and large have reason to 
trust science’s self-correcting practices. 
Scientific knowledge. This body is orga- 
nized into disciplines or into well-defined, 
topically focused areas of inquiry. Reliable 
bodies of knowledge are built on theories and 
methods that have wide currency among prac- 
titioners. Again, peer review serves a crucial 
legitimating function by maintaining rigor, 
coherence, and integrity in the development 
ofa field’s research frontiers. Peer review also 
demarcates work that is considered accept- 
able from work that is not (//). In many areas 


of science, the ongoing work of peer criticism 
is enough to ensure a field’s credibility to the 
outside world. 

Committees that translate scientific find- 
ings into policy-relevant forms. This third 
body is increasingly important in modern 
democracies and frequently combines knowl- 
edge and skills from experts in different fields 
and contexts—for example, science and engi- 
neering, universities and industry, and bench 
and clinic. Their authority derives in part 
from individual members’ impartiality and 
sound judgment and in part from the views 
they collectively represent, as required in the 
United States by FACA. Scientific advisory 
committees have dealt with the demand for 
accountability far longer than scientists who 
never did the work of translating science for 
policy. In most Western countries, expert 
advisers are required to explain their judg- 
ments to audiences outside, as well as within, 
their own research communities (/2). 


Implications for Climate Science 

Standards of individual good behavior are 
especially difficult to identify and enforce 
in evolving scientific domains with under- 
developed histories of accounting to exter- 
nal audiences. Divergent national traditions 
of openness and confidentiality present addi- 
tional hurdles for climate scientists (73), who 
are involved in international, as well as inter- 
disciplinary, consensus-building. As the UK 
inquiry on the hacked CRU e-mails revealed, 
some data relied on by climate scientists had 
been obtained from national governments 
under nondisclosure agreements. The par- 
liamentary committee conducted, in effect, a 
process of post hoc standard-setting when it 
concluded that the climate science commu- 
nity should have followed more open prac- 
tices of publication and disclosure. 

The sciences represented by IPCC Work- 
ing Group I do not share common principles 
for such basic tasks as visualizing data, inter- 
preting anomalies, representing uncertainty, 
data-sharing, or public disclosure. That such 
disparate communities have come to agree 
on the causes, size, and scope of the climate 
problem, through iterative rounds of assess- 
ment, may be taken as strong evidence of reli- 
ability. At the same time, the very fact that 
judgment has been integrated across many 
fields leaves climate science vulnerable to 
charges of groupthink and inappropriate con- 
cealment of uncertainties. 

Though intergovernmental in name, the 
IPCC is subject to none of the legal or politi- 
cal requirements that constrain, but also legit- 
imate, national expert committees. The IPCC 
has invented its own procedures, includ- 


ing extensive and sophisticated peer review. 
These methods are good enough to satisfy 
many scientists, but they rest on traditions of 
scientific, rather than public, accountability. 
Yet the IPCC performs a mix of functions— 
part scientific assessment, part policy advice, 
and part diplomacy—that demand external, 
as well as internal, accountability. 

These problems suggest that it will not 
be enough for climate scientists to be still 
more scrupulous and transparent toward their 
peers. Adding more new forms of expertise 
may increase the credibility of the field (74), 
but it will not fully address the third compo- 
nent of accountability, which involves rela- 
tions between science and its publics. 

Creating accountability practices that 
work at a supranational level will be neither 
straightforward nor easy. Administrative pro- 
cedures mostly operate within nation states, 
and there is no higher court where science 
can account for itself to the world. However, 
the IPCC has demonstrated that it can learn 
and change in its methods of representing sci- 
ence to scientists. That ingenuity should now 
be directed toward building relationships 
of trust and respect with the global citizens 
whose future climate science has undertaken 
to predict and reshape. 


References and Notes 
1. Science and Technology Committee, U.K. Parliament, 
“The disclosure of climate data from the Climatic 
Research Unit at the University of East Anglia,” Eighth 
Report of Session 2009-10 (HC 387-I, Stationery Office, 
London, 2010), p. 3. 
. N. Oreskes, Science 306, 1686 (2004). 
. A.C. Revkin, New York Times, 21 November 2009, p. Al. 
. J. Jowit, Guardian, 23 February 2010, p. 9. 
. S. Shapin, S. Schaffer, Leviathan and the Air-Pump: 
Hobbes, Boyle, and the Experimental Life (Princeton, NJ: 
Princeton Univ. Press, 1985). 
6. R.K. Merton, The Sociology of Science: Theoretical and 
Empirical Investigations (Univ. of Chicago Press, Chi- 
cago, 1973), chap. 13. 
7. For example, Massachusetts v. EPA, 549 U.S. 497 (2007), 
held that EPA had to give more persuasive reasons for its 
decision not to regulate greenhouse gases as air pollut- 
ants under the Clean Air Act. 
8. National Research Council, Risk Assessment in the Fed- 
eral Government: Managing the Process (National Acad- 
emy Press, Washington, DC, 1983). 
9. P.C. Stern, H. V. Fineberg, Eds., Understanding Risk: 
Informing Decisions in a Democratic Society (National 
Academ. Press, Washington, DC, 1996). 
10. W. Broad, N. Wade, Betrayers of the Truth: Fraud and 
Deceit in the Halls of Science (Simon & Schuster, 
New York, 1983). 

11. T. F. Gieryn, Cultural Boundaries of Science: Credibility on 
the Line (Univ. of Chicago Press, Chicago, 1999). 

12. S. Jasanoff, The Fifth Branch: Science Advisers as Policy- 
makers (Harvard Univ. Press, Cambridge, MA, 1990). 

13. R. Brickman, S. Jasanoff, T. Ilgen, Controlling Chemicals: 
The Politics of Regulation in Europe and the United 
States (Cornell Univ. Press, Ithaca, NY, 1985). 

14. A.C. Revkin, “East Anglia’s climate lessons,” Dot Earth 
blog, New York Times, 14 April 2010. 


uUpBwWwr 


10.1126/science.1189420 


7 MAY 2010 VOL328 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: Y. GREENMAN/SCIENCE 


IMMUNOLOGY 


Tumor Immune Evasion 


Carlene L. ZindI' and David D. Chaplin? 


any types of human tumors can 
suppress the immune system to 
enhance their survival. Some 


tumor cells escape immune detection by 
decreasing the expression of certain anti- 
gen-presenting proteins at their surface, ren- 
dering them invisible to cytotoxic T lympho- 
cytes (/). But more often, tumors secrete 
proteins that inhibit effector T cell responses 
and promote the production of regulatory T 
cells that suppress immune responses (2). 
On page 749 of this issue, Shields et al. 
(3) identify another mechanism by which 
tumors deceive the immune system. Cer- 
tain melanomas can reorganize their stromal 
microenvironment (the supportive connec- 
tive tissue) into structures similar to lym- 
phoid tissue of the immune system. This 
ingenious reconstruction recruits and main- 
tains immune regulatory cells that promote 
tolerance and tumor progression. 

Lymphoid tissue inducer (LTi) cells con- 
tribute to the organogenesis of secondary 
lymphoid tissues (lymph nodes and Pey- 
er’s patches) during mammalian develop- 
ment (4, 5). These cells express members 
of the tumor necrosis factor (TNF) cytokine 
family—TNF, lymphotoxin (LTa,B,), and 
TNF-related activation-induced cytokine 


‘Department of Pathology, University of Alabama at Bir- 
mingham, Birmingham, AL 35294, USA. *Department of 
Microbiology, University of Alabama at Birmingham, Bir- 
mingham, AL 35294, USA. E-mail: dchaplin@uab.edu 


(TRANCE). Together, these factors boost 
the expression of chemokines and adhesion 
molecules by stromal “organizer” cells dur- 
ing fetal development (6). As the stromal 
cells (tissue supporting cells) of the lymphoid 
organ develop, they express adhesion mol- 
ecules and chemokines (such as CXCL13 
and CCL21) that support their stable interac- 
tions with fetal LTi cells, as well as recruit LTi 
cells, B cells, and T cells into the developing 
tissue (7). Ultimately, this localized stromal 
cell activation results in an organized, com- 
partmentalized lymphoid organ that regulates 
immune responses. 

In adult mammals, LTi cells direct the reor- 
ganization of stromal cells into tertiary lym- 
phoid structures (lymphoid tissue—like struc- 
tures found at nonlymphoid sites) under con- 
ditions of persistent inflammation or infec- 
tion (8, 9). Shields et al. show that mouse and 
human melanomas expressing the chemokine 
CCL21 can recruit LTi cells. This results in 
reorganization of the tumor’s stroma and the 
recruitment of CD4* regulatory T cells, mye- 
loid-derived suppressor cells, and other leu- 
kocytes (see the figure). Because other sig- 
nals in addition to CCL21 contribute to sec- 
ondary and tertiary lymphoid tissue develop- 
ment, it may be that other tumor types that use 
these signaling pathways may induce stroma 
reconstruction as well. 

Secondary and tertiary lymphoid tissues 
provide a favorable environment for activating 


Tumor cells 


Tumor secretes a high 
concentration of CCL21 


Fibroblast 


Malignant cells can induce the formation 
of lymphoid tissue—like structures that help 
the tumor evade host immunity. 


humoral and cellular immunity. But ifa tumor 
thrives when it escapes immune responses, 
then why would it create surroundings with 
characteristics of an immune system tissue? 
The association of lymphoid structures with 
tumors underscores the fact that lymphoid 
tissues can both activate and down-regulate 
immune effector pathways. For example, 
stromal cells in lymph nodes present antigen 
to CD8* T cells in a way that induces toler- 
ance rather than activation (/0). Additionally, 
lymphoid tissues provide an environment in 
which naive T cells, in the presence of trans- 
forming growth factor—-B (TGF-B), become 
regulatory T cells, further favoring the sup- 
pression of effector T cell functions. Thus, by 
mimicking the functions of secondary or ter- 
tiary lymphoid tissues, lymphoid tissue—like 
stromal structures created by tumors can pro- 
mote immune tolerance and suppression. 

Do melanoma cells directly block or 
reduce the differentiation of naive T cells into 
effector T cells, or do they act indirectly by 
recruiting immunoregulatory antigen-pre- 
senting cells into the lymphoid tissue—like 
structures? Shields et al. observed that B cells 
were not recruited to the site of melanoma 
cell accumulation. Because B cells can prime 
T cells in secondary lymphoid tissues, per- 
haps their absence reduces immune activa- 
tion within the tumor-induced stroma. Alter- 
natively, TGF-B produced in the tumor may 
alter local macrophage populations, resulting 


Tumor creates a suppressive 


Lymphoid stroma formation. Mouse tumor cells expressing the chemokine 
CCL21 recruit lymphoid tissue inducer (LTi) cells, regulatory T (T,,.) cells, and 
myeloid-derived suppressor cells (MDSCs). LTi cells direct the reorganization 


umor environment changes; 


T 
lymphoid structure forms 


of local stroma into lymphoid tissue—like structures that support Teg cells and 
MDSCs and lead to immune tolerance of the tumor. M2 macrophages secrete 
extracellular matrix proteins that promote stromal stability. 


environment and evades 
the immune response 
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in a switch from classically activated, phago- 
cytic, and proinflammatory M1 macrophages 
to alternatively activated, poorly phagocytic, 
and anti-inflammatory M2 macrophages 
that secrete extracellular matrix proteins (//, 
12). This raises the question of whether fac- 
tors normally produced by tumors alter the 
type of antigen-presenting cells in the tumor 
microenvironment in ways that influence the 
immune response and promote stromal sta- 
bility. Understanding how tumor-induced 
changes in the stroma influence different 
immune cells will be important for determin- 
ing ways to modulate these structures. 

The involvement of LTi cells in the lym- 
phoid tissue—like structures observed by 


Shields et al. suggests that the cytokine 
LTo.,B, may act to increase the expression of 
the chemokine CCL21. This may be impor- 
tant because LTa., B-dependent structures are 
generally plastic. Thus, the lymphoid tissue— 
like structures should be reprogrammable by 
modulating LTo,B, signaling, as has been 
observed in stromal compartments of the 
mouse spleen (/3). Understanding the extent 
to which tumor-induced lymphoid tissue— 
like structures are plastic will go a long way 
toward determining if blocking CCL21 and/ 
or LTi cell function can disrupt immune toler- 
ance of the tumor-induced structures, thereby 
releasing host immunity to aid in eliminating 
the malignant cells. 
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Cometary Dust in the Laboratory 


Larry R. Nittler 


uch of our understanding of early 
M = system history comes from 

the laboratory study of extrater- 
restrial materials, especially meteorites from 
the asteroid belt, as these are by far the most 
readily available. However, it has long been 
recognized that icy bodies in 
the outer solar system might 
contain a better-preserved 
record of the earliest stages 
of solar system formation 
than can be found in even 
the most primitive asteroi- 
dal meteorites. This is sup- 
ported by laboratory studies 
of tiny (<50 um diameter) 
meteorites—interplanetary 
dust particles or IDPs—collected 
by aircraft in the stratosphere. 
Thought to originate at least in 
part from comets, IDPs exhibit 
highly primitive features (/, 2). 
Two reports, one by Matzel et 
al. (3) and one by Duprat et al. 
(4) on page 742 of this issue, take 
advantage of the availability of 
relatively less studied primitive materials— 
samples obtained by the Stardust mission 
from comet Wild 2 and Antarctic micromete- 
orites (AMMs)—to glean information about 
the early solar system. 

In 2006, NASA’s Stardust returned solid 

samples similar in size to IDPs (5) (see the 
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figure, panel A). Much less attention has been 
paid to intermediate-sized AMMs obtained 
by filtering melted Antarctic snow and/or ice 
(6). AMMs are in the size range (hundreds 
of micrometers) that dominates the flux of 
extraterrestrial materials incident on Earth, 
but particles of this size are the most suscep- 
tible to strong modification or destruction 
by heating during atmospheric entry. How- 
ever, prior work has shown that some AMMs 


Comparison of micrometeorites collected in 
space and the Antarctic snow provides insight 
into the early solar system. 


Sample collection. (A) Dust sample captured in an 
aerogel matrix during NASA's Stardust mission to 
meet with comet Wild 2; the “Coki” grain studied by 
Matzel et al. (3) is circled. (B) Researchers collect- 
ing snow near CONCORDIA research station at Dome 
C, Antarctica (75°S, 123°E). Melting and sieving of 
this snow provided numerous micrometeorites (e.g., 
inset), including the ultracarbonaceous ones dis- 
cussed by Duprat et al. (4). 


have survived their fall to Earth relatively 
unscathed (6) and sample a broader range of 
parent bodies, likely including comets (7), 
than do the larger meteorites. 

A major surprise came from the initial anal- 
ysis of the Stardust samples from Wild 2. The 
cometary dust was similar in many ways to 
materials found in primitive meteorites (8), in 
particular the abundance of high-temperature 
phases, which must have formed in the inner 
regions of the solar system and been subse- 
quently transported outside the orbit of Nep- 
tune. The high-temperature material included 
grains similar to (but much smaller than) cal- 
cium- and aluminum-rich inclusions (CAIs) 
(9), the oldest known solids in meteorites, and 
chondrules (0), round silicate objects that 
dominate many primitive meteorites. Matzel 
et al. report the first search for extinct *°Al in 
a grain from Wild 2, nicknamed Coki. The 
radioisotope *°Al (half-life = 730,000 years) 
was homogeneously distributed in the early 
inner solar system (//), and its abundance in 
various meteoritic samples, inferred from its 
decay product (stable **Mg), can thus be used 
to infer relative chronological information 
with high time resolution. Samples formed 
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earlier have higher inferred *°Al/*’Al ratios. 

Coki is 5 um in diameter and is primarily 
composed of the feldspar mineral anorthite, 
whose Al/Mg ratio is high enough for *°Al 
to be detected if present at the same level 
as seen in many meteoritic CAIs, despite 
its small size. However, the authors found 
no evidence for extinct *°Al in this grain, 
and their upper limit on the initial 7°Al/’Al 
ratio indicates that it must have formed at 
least 1.7 million years after the oldest CAIs. 
Thus, large-scale transport of material from 
the inner to the outer solar nebula must have 
taken place over a time scale of millions of 
years, and Wild 2 itself must have accreted 
after this time. This observation supports the 
conclusion that comets are not simply col- 
lections of interstellar or early-formed prim- 
itive materials. 

A very different type of material was 
studied by Duprat et al. The AMMs in their 
study were collected by melting and filtering 
snow that fell in the mid-20th century near 
the French-Italian CONCORDIA station 
(see the figure, panel B). Among the recov- 
ered particles were some fluffy, fine-grained 
ones with much higher carbon contents than 
seen in other primitive materials, including 
meteorites, most IDPs, and Wild 2 samples. 
Detailed study of these “ultracarbonaceous” 
AMMs (UCAMMs) revealed that the carbon 
is in the form of a poorly ordered organic 
material, similar to that seen in the most 


primitive meteorites and IDPs. Most inter- 
esting is the discovery that the organic mat- 
ter is highly enriched in deuterium, with D/H 
ratios up to 30 times terrestrial values. Such 
high D/H ratios have been seen in carbona- 
ceous chondrite meteorites (/2) and IDPs 
(/3), but typically only as submicrometer- 
to micrometer-sized grains (“hot spots”). 
In contrast, organics in the UCAMMs show 
extreme D/H ratios extending over tens of 
square micrometers. The origin of D enrich- 
ments in primitive organic matter is a matter 
of controversy, with interstellar, protostel- 
lar, and parent-body processes all possibly 
playing a role. 

Embedded in the D-rich organic mat- 
ter were crystalline and amorphous min- 
erals similar to those found in IDPs and 
Wild 2 samples. The primitive nature of 
the UCAMMs, especially the high abun- 
dance of D-rich organic matter, suggests a 
connection to icy bodies in the outer solar 
system, with comets being the most likely 
to supply dust to Earth-crossing orbits. The 
1986 Giotto mission to comet Halley identi- 
fied large numbers of carbon-rich particles 
intermixed with silicate minerals [so-called 
CHON particles (/4)], and the UCAMMs 
may well be similar objects. However, simi- 
lar extremely D-rich carbonaceous materi- 
als have not yet been identified in the only 
unambiguously cometary samples, those 
from Wild 2 (/5). This may be due in part to 
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sampling biases, but likely also reflects sub- 
stantial chemical diversity among comets. 

Detailed laboratory comparisons of 
materials from diverse parent bodies from 
throughout the protosolar disk can provide 
insights into processes including the timing 
of grain formation and transport, as well as 
the origin and distribution of organic mat- 
ter. Moreover, the very high carbon con- 
tents of UCAMMs may well have profound 
implications for the original delivery of 
organic molecules to the early Earth, with 
possible consequences for the earliest pre- 
biotic chemistry. 
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The Impact of Tellurium Supply on 
Cadmium Telluride Photovoltaics 


Ken Zweibel 


photovoltaic (PV) cells has been silicon. 

However, after many years of develop- 
ment, cadmium telluride (CdTe) PV modules 
have become the lowest-cost producer of solar 
electricity, despite working at lower efficiency 
than crystalline silicon cells. CdTe sales are 
growing rapidly, but there is concern about 
projecting hundredfold increases in power 
production relative to current production with 
CdTe PV modules. One reason is that Te, a 
humble nonmetal that is actually abundant in 
the universe, is as rare as many of the precious 
metals recovered from Earth’s crust (/). Fur- 


| pe decades, the material associated with 
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thermore, current technology now uses Te at 
rates that are substantial fractions of its sup- 
ply. Here, I argue that the long-term potential 
for CdTe PV modules need not be bleak, given 
realistic developments in module technology 
and Te recovery. 

That Te supply is even an issue in thinking 
about the future of renewable energy results 
from recent decreases in production costs 
of the PV module—the deployable device, 
or large-area aggregation of solar cells, that 
contains the active PV materials and delivers 
current. CdTe module production costs have 
dropped from over $2/W in 2004 to $0.84/W 
in 2010, the lowest in photovoltaics (2). A key 
advantage of CdTe for thin-film devices is 
that it can be deposited rapidly. For other thin- 


Better optical designs and enhanced recovery 
of tellurium may boost the potential for 
large-scale energy production from thin-film 
cadmium telluride solar cells. 


film PV materials, the vapor-phase composi- 
tion must be carefully adjusted and controlled, 
which slows the process and adds to costs. 
CdTe can be deposited at rates of micrometers 
per minute over large substrates, versus nano- 
meters per minute for amorphous silicon. 

These cost reductions bring PV closer to 
competitiveness with current power genera- 
tion cost. In the United States, the approxi- 
mate cost would be as low as 15 cents per 
kilowatt-hour (c/kWh) for parts of the South- 
west that have the most available sunlight. 
For the rest of the USA, it would be 20 c/kWh 
(retail prices for electricity in the USA are 
now about 10 c/kWh) (3, 4). 

Any favorable projections for CdTe PV 
will be moot if its contribution to power pro- 
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duction is severely limited by Te supply. For 
the present technology, generating | gigawatt 
(GW) of power requires 91,000 kg (91 metric 
tons, MT) of Te (a cost of about $20 million). 
If all of the PV delivered in 2009—7 GW— 
had been produced with CdTe, about 640 
MT of Te would have been required, which 
is comparable to its present annual produc- 
tion (5, 6). 

If PV is to supply 10% of the projected 
demand of electricity worldwide in 2030, the 
per annum growth rate must be 18.5%; for 
25% of world electricity, it must be 25%. In 
2030, the annual production would require 
200 GW/year (at 10% electricity supply) or 
670 GW/year (at 25% supply). For the cur- 
rent CdTe modules, 19,000 or 61250 MT of 
Te per year, respectively, would be needed, 
equivalent to an increase in supply by a factor 
of about 40 to more than 100, respectively. 

However, future developments may make 
this challenge less daunting. First, there will 
likely be some gains made in supply given the 
inducement of higher Te prices. The crustal 
abundance of Te is similar (7) to that of plat- 
inum, but the actual recovery of Te is more 
than twice that of platinum. The existing sup- 
ply is obtained almost exclusively through Te 
recovery as a by-product of refining copper. 
Ojebuoboh (8) has described how the supply 
could expand from 500 to 1500 MT/year by 
electrorefining more copper to recover more 
Te. Availability should also increase sim- 
ply through the historical increase in copper 
extraction, typically 1 to 3% per year. Also, 
several other primary metals besides copper 
have Te impurities. The highest Te concentra- 
tions occur in gold deposits, and Te could be 
refined from zinc and lead (9). 

Further, there are already sources of Te as 
a primary ore. Mines in Mexico (/0), China 
(11), and Sweden (/2) have rich bismuth tel- 
luride ores, with Te concentrations of almost 
20% (9). The challenge with primary ores is 
that few have been identified, and that the Te 
must be rich enough to refine alone. This is 
perhaps about 0.25% concentration, if no by- 
product minerals can be processed and sold. 
Finally, there appear to be undersea deposits 
(7); Te-rich layers (mean concentration of 50 
parts per million) coat undersea ferromanga- 
nese crusts. 

Most importantly, it may also be possible 
to use much less Te and still maintain module 
performance. One possibility is to decrease 
the thickness of the active layer. It does not 
take 3 um of CdTe to absorb the solar spec- 
trum. In fact, over much of its absorption 
range, the CdTe light absorption coefficient 
is above 10°/cm, that is, it absorbs 63% of 
available photons in 10° cm, or 0.1 um (a 
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Projecting paths for CdTe photovoltaics. The concerns about Te availability limiting CdTe PV module pro- 
duction assume that the layer thickness will be maintained at 3 um. Projections of maximum market share 
attainable are shown based on modest increases in Te production (from 1% growth per year in copper pro- 
duction, its main supply route) and module efficiency (15%), but substantial decreases in CdTe active-layer 
thickness. The blue and purple lines are market-share maxima if 10% of the world electricity is made from PV 
in 2030, with layer thicknesses of 0.67 and 0.2 um, respectively. Similar projections (orange and green) are 
for 25% world electricity production by PV in 2030. In all cases, with thin enough CdTe, nearly 100% market 
share might be attained. The inset shows tellurium in its native form. 


thickness decrease of a factor of 30). 
However, it is not so simple to make such 
ultrathin CdTe films work well. Two major 
loss mechanisms for absorbed photons have 
to be addressed to use CdTe at 0.1-t1m thick- 
ness. First, 37% of the spectrum would be 
lost, and the equivalent loss of efficiency 
would be unacceptable. Second, absorption 
rises to 10° cm for higher-energy (shorter- 
wavelength) light, but longer-wavelength 
light just above the 1.5-eV band gap of CdTe 
(the minimum light energy at which it gener- 
ates a photocurrent) requires thicker CdTe in 
order to be absorbed. Because 1.5 eV is the 


POTENTIAL FOR USING LESS TE (IN METRIC TONS) 
PER GIGAWATT OF PHOTOVOLTAIC OUTPUT 


CoTE LAYER FILM THICKNESS 
3 pm(now) 2/3 wm 


100 MT/GW 22 MI/GW 
67 MI/GW 15 M1/GW 


Efficiency 
10% 
15% 


middle of the solar visible range, too much 
light would be wasted. 

Two commercial PV technologies already 
deal with these problems—amorphous and 
thin-film microcrystalline silicon. They use 
two strategies to trap light inside the cell. 
One is to deposit a mirror on the back of the 
cell, just above the metal back contact. The 
other is to texture the top, transparent con- 
ductive oxide contact so that light is bent as 
it enters the cell (making the first pass lon- 
ger, and leading to total internal reflection if 
combined with a back-side mirror). Amor- 
phous silicon, with about the same absorp- 
tion coefficient as CdTe, is already made with 
these ancillary components, and layers are in 


0.2 pm 
6.6 MI/GW 
4.4 MT/GW 


the 0.1- to 0.3-m range. The mirror material 
is a combination of a transparent conductive 
oxide (ZnO) and a silver or aluminum film on 
top of the back contact. 

The rapid deposition of thicker CdTe lay- 
ers help to minimize manufacturing costs, 
which presently are greater than costs associ- 
ated with Te. When Te becomes the limiting 
cost factor, a shift to thinner CdTe will likely 
require slower deposition rates to gain greater 
control of layer thickness. 

The other major lever in reducing the 
amount of Te needed is to increase efficiency. 
CdTe modules are 11% efficient, and the best 
cells are 16.5%. Theoretical efficien- 
cies for a single junction cell top out 
at 33%, and the band gap for CdTe 
is very close to the optimum for tak- 
ing advantage of the solar spectrum. 
Conservative long-term goals for the 
efficiency of CdTe modules tend to 
be about 15%. The table shows how 
the amount of Te required per giga- 
watt of energy generation would change for 
different efficiencies and layer thicknesses. 

What does this mean in terms of the long- 
term contribution of CdTe to PV energy pro- 
duction? The growth of PV deployment will 
take decades. During that time, Te refining, 
Cu extraction, CdTe module efficiency, and 
CdTe layer thickness can be improved. The 
projections shown in the figure have not 
counted on more Te from new bismuth tel- 
luride ores, undersea ridges, or greater refin- 
ing of non-Cu ores (/3). The limit on mar- 
ket share for 10 and 25% production of the 
world’s electricity by PV shown in the figure 
are for a CdTe module efficiency of 15%. For 
10% PV electricity production in 2030, the 
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numbers are encouraging for 0.67-lm layer 
thickness, and of course better for 0.2 um. In 
this case, all modules could be CdTe. For the 
25% PV electricity in 2030, the goal could be 
reached with 0.2-um layers. 

So this analysis brings us back to the 
question—will CdTe contribute substan- 
tially to renewable energy production? Sup- 
ply and demand will almost certainly remain 
akey issue in CdTe PV production. However, 
projections that underestimate CdTe PV at 
this early stage of development assume a 
situation for Te supply and use that will be 
nearly static during the next 20 years. In an 
area driven by innovation, this grim scenario 
seems unlikely. 


References and Notes 

1. B.L. Cohen, Geochim. Cosmochim. Acta 48, 203 (1984). 

2. First Solar accounts for almost all production of CdTE 
moldules at this time. Abound Solar has had some pro- 
duction in 2010. PrimeStar Solar—GE, Q-Cells Calyxo, 
and Arendi are CdTe PV startup companies that remain 
largely precommercial. 

3. U.S. Energy Information Administration, Electric Power 
Monthly, March 2010, http://tonto.eia.doe.gov/ftproot/ 
electricity/epm/02261003.pdf. 

4. First Solar has a technical roadmap that would reduce 
near-term costs by one-third. However, silicon module 
costs have plunged recently, so that the cost difference 
between First Solar products and the best of the silicon 
products, many from China, is now small—perhaps 20% 
at the system level. 

5. M.A. Green, Prog. Photovoltaics 14, 743 (2006). 

6. V. Fthenakis, Renewable Sustainable Energy Rev. 13, 
2746 (2009). 

7. J. R. Hein, A. Koshchinsky, A. N. Halliday, Geochim. 
Cosmochim. Acta 67, 1117 (2003). 


PERSPECTIVES 


8. F. Ojebuoboh, World Metallurgy—ERZMETALL—Heft 
1/2008 61, 1 (2008). 

9. W.C. Cooper, Ed., Zellurium (Van Nostrand, New York, 
1971), chap. 1. 

10. “Mexivada stakes new gold-tellurium property in Mexico,” 
Press Release, 12 June 2008 (www.mexivada.com). 

11. Sichuan Apollo Solar T&D Inc., 2008, www.scasolar.com/ 
english/web.asp?id=186 (accessed 11 June 2008). 

12. Gold Ore Resources, http://metalsplace.com/news/ 
articles/24830/gold-ore-announces-positive-tellurium- 
metallurgical-studies (2009). 

13. It is a mystery why there is so much tellurium in the uni- 
verse (2) and so little found on Earth. Do the undersea 
ridges explain the crustal absence? Or is there much 
more, elsewhere, waiting to be found? 

14. The author was a cofounder of PrimeStar Solar. George 
Washington University Solar Institute is a member of Thin 
Film PV Partnership and receives financial support from 
First Solar. 


10.1126/science.1189690 


NEUROSCIENCE 


Epigenetics and Cognitive Aging 


J. David Sweatt 


ognitive decline, especially in mem- 
ory capacity, is anormal part of aging 
(/). Indeed, the painful reality is that 
aging-related cognitive decline likely begins 
when one is in their late 40s. This deterio- 
ration is particularly pronounced in declara- 
tive memory—the ability to recall facts and 
experiences—and has been associated with 
aberrant changes in gene expression in the 
brain’s hippocampus and frontal lobe. How- 
ever, the molecular mechanisms underly- 
ing these changes in gene regulation are not 
currently known (2, 3). On page 753 of this 
issue, Peleg et al. (4) bolster an emerging 
hypothesis that changes in the epigenetic 
modification of chromatin in the adult cen- 
tral nervous system drive cognitive decline. 
Chromatin remodeling in the hippocam- 
pus is necessary for stabilizing long-term 
memories (5—8). The relevant molecu- 
lar mechanisms include DNA methylation 
and the modification of histone proteins by 
acetylation, phosphorylation, and methyla- 
tion. These epigenetic changes involve cova- 
lent chemical modifications by enzymes 
such as histone acetyltransferases and his- 
tone deacetylases. Whether alterations in 
these mechanisms contribute to age-related 
changes in gene transcription and memory 
decline are unknown (8). 
Peleg et al. found that aged mice exhibit 
a disruption of memory-associated activity- 
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and experience-dependent epigenetic modi- 
fication at the histone H4 lysine 12 (H4K12) 
acetylation site. This correlated with the loss 
of almost all normal memory-associated 
transcription in the hippocampus. Moreover, 
the authors identified a memory-associated 
gene, Formin 2 (an actin regulatory protein), 
and showed that its function is necessary for 
normal memory, and that its transcriptional 
regulation is disrupted in aging. 

In a final series of studies with poten- 


Loss of memory 
capacity 


Changes in the epigenetic modification of 
chromatin may be the molecular basis for 
memory decline in aging adults. 


tial clinical relevance, Peleg et al. show that 
intrahippocampal infusion of mice with 
suberoylanilide hydroxamic acid, an inhibi- 
tor of histone deacetylase, increased mem- 
ory-associated H4K12 acetylation in the 
central nervous system, restored memory- 
associated transcriptional regulation, and 
improved behavioral memory function in 
aged animals. 

The study presents a major advance in 
thinking about the role of histone modifi- 


Cognitive dysfunction 


Aging and memory. Experience-epigenome interactions may drive memory formation. Decline in this system 


is a hypothetical basis for cognitive aging. 
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cations in synaptic plasticity and memory 
formation, and ties together three different 
scientific areas: chromatin regulation, mem- 
ory-associated transcriptional regulation, 
and the molecular basis of aging-related 
cognitive decline. But one cautionary note 
in considering the work of Peleg et al. is 
to not attribute all of the memory disrup- 
tion and pharmacological rescue effects in 
the aged animals to a single histone modi- 
fication, H4K12 acetylation. Alterations 
in a large number of chromatin-modifying 
events likely occur throughout the central 
nervous system in aging, and improvement 
of memory as a result of histone deacetylase 
inhibition is probably due to action at mul- 
tiple acetylated histone sites. Also, given the 
possibility of a relevant “histone code” for 
memory (9), even the H4K12 alterations 
could be tied to another epigenetic mark that 
is more proximally involved in the aging- 
associated transcriptional alterations. 

There is an emerging understanding 
that chromatin is dynamic and is subject to 
extensive experience- and age-associated 
remodeling (7—/5). For example, global loss 
of DNA methylation in aging, or the hyper- 
methylation of regulatory regions (promot- 
ers) of genes associated with accelerated 
aging, such as the Werner syndrome and 
lamin A/C genes, has been proposed to con- 
trol aging and longevity (/3). In addition, 


the sirtuins, a family of nicotinamide ade- 
nine dinucleotide (NAD)—dependent histone 
deacetylases, link chromatin regulation, cel- 
lular transformation, and longevity (/4). 
And chromatin modifications also regulate 
telomere-length control, an aging mecha- 
nism (/5). These disparate findings suggest 
a unifying hypothesis: that the accumulation 
of aberrant epigenetic marks over the life 
span drives aging-related cellular and physi- 
ological changes. 

These considerations have led to a new 
hypothesis that dysregulation of epigenetic 
control mechanisms and the accumulation 
of aberrant epigenetic marks underlie aging- 
related cognitive dysfunction (4, 8) (see the 
figure). Specifically, the decreased transcrip- 
tion of key memory-promoting genes during 
aging is thought to arise from aberrant epige- 
netic marks and control mechanisms within 
brain regions particularly vulnerable to the 
aging process (hippocampus and prefrontal 
cortex), thus resulting in cognitive deficits. 
Further pursuit of this unifying hypothesis 
will require investigating the role of epige- 
netic molecular mechanisms that control 
memory formation in aging at two critical 
loci: histone posttranslational modifications 
and DNA methylation. 

The work of Peleg et al. and others (7—9) 
constitutes an initial test of the capacity of 
manipulating the epigenome to potentially 


reverse aging-associated memory dysfunc- 
tion, and provide important proof-of-princi- 
ple studies for evaluating whether this might 
be a viable approach to therapeutic interven- 
tion in cognitive aging. These studies will 
hopefully lead to more effective prevention 
strategies to improve quality of life in the 
aged, as well as contribute to a better under- 
standing of memory function. 
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Sewage Treatment with Anammox 


B. Kartal,’ J. G. Kuenen,? M. C. M. van Loosdrecht? 


rganic matter must be removed from 

sewage to protect the quality of the 

water bodies that it is discharged to. 
Most current sewage treatment plants are 
aimed at removing organic matter only. They 
are energy-inefficient, whereas potentially 
the organic matter could be regarded as a 
source of energy. However, organic carbon is 
not the only pollutant in sewage: Fixed nitro- 
gen such as ammonium (NH,.°) and nitrate 
(NO, ) must be removed to avoid toxic algal 
blooms in the environment. Conventional 
wastewater treatment systems for nitrogen 
removal require a lot of energy to create aer- 
obic conditions for bacterial nitrification, 
and also use organic carbon to help remove 
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nitrate by bacterial denitrification (see the 
figure). An alternative approach is the use 
of anoxic ammonium-oxidizing (anammox) 
bacteria, which require less energy (/) but 
grow relatively slowly. We explore process 
innovations that can speed up the anammox 
process and use all organic matter as much as 
possible for energy generation. 

The anammox process is responsible 
for at least 50% of the nitrogen turnover in 
marine environments (2, 3) and occurs in 
nature at both low and high temperatures 
and salinities. It is a shortcut in the nitrogen 
cycle (see the figure) that was discovered in 
the early 1990s (4). The anammox bacte- 
ria, which belong to the group Planctomy- 
cetes, contain a membrane-bound organelle 
in which ammonium and nitrite are converted 
to nitrogen gas via the toxic and extremely 
energy-rich hydrazine intermediate. Special 


Wastewater treatment including high rate 
anammox processes have the potential 

to become energy-neutral or even 
energy-producing. 


lipids found in these bacteria, ladderanes, 
are believed to assist in keeping the hydra- 
zine within this organelle (5). The bacteria 
use CO, as their carbon source for growth 
and hence do not require organic carbon (/). 
The nitrite required for their growth may be 
provided by aerobic ammonium-oxidizing 
bacteria or archaea (2). The anammox (I) and 
nitrification (II) reactions 


NH, + NO, > N, + 2H,O (1) 
NH, + 140, ~ NO, + 2H’ + H,O (ID) 
together yield 

2NH,' + 140, > N, + 2H’ + 3H,O 


In conventional sewage treatment, organic 
matter is combusted to carbon dioxide by 
microorganisms growing in flocs, generally 
referred to as an “activated sludge.” This pro- 
cess requires a lot of electrical energy input 
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for air pumps to provide oxygen 
for oxidation of ammonium to 
nitrate (see table S1 in the Sup- 
porting Online Material). Fur- 
thermore, denitrification often 
requires extra organic matter 
(methanol) for the removal of 
nitrate as nitrogen gas in the 
final step. Sometimes, a frac- 
tion of the total energy used 
in existing sewage treatment 
plants is recovered as biogas 
(CH,), produced by the excess 
bacterial biomass (sludge). 

A better approach would be 
to design the treatment process 
such that aeration is largely cir- 
cumvented and most organic 
compounds are converted to 
biogas in an anaerobic treat- 
ment process. This is feasible 
with the present state of the 
art. However, in such a design, the organic 
compounds would no longer be available for 
denitrification, resulting in a large excess of 
ammonium and hence a potential nitrogen 
pollution problem. 

Use of the anammox process can over- 
come this problem, because it does not require 
organic compounds for nitrogen removal (6— 
9). However, anammox bacteria grow slowly 
(generation times of 10 to 12 days at 35°C), 
and the anammox process is therefore cur- 
rently limited to treating warm wastewa- 
ter with high ammonium content. In the first 
designs, reactions I and II were carried out in 
consecutive reactors, but these were later com- 
bined in a single oxygen-limited reactor (/0) 
where anammox and nitrite-producing bac- 
teria coexist (see the figure). Because of the 
low specific conversion rates of the one-reac- 
tor process, the bottleneck in this combination 
has been insufficient biomass retention. 

Much more biomass could be retained if 
fast-settling, compact granules of a cocul- 
ture of nitrification and anammox bacteria (a 
“granular sludge”) were used. In the 1980s, 
the use of anaerobic methane-producing 
granular sludge was the key in the devel- 
opment of efficient anaerobic wastewater 
treatment in sludge blanket and fluidized 
bed reactors (//, 12). Granular-sludge reac- 
tors have now been developed for removal 
of organic matter and nutrients under aero- 
bic conditions (/3). Granular-sludge reac- 
tors achieve a very high volumetric conver- 
sion rate due to a large surface area for mass 
transfer. They also do not trap the inert parti- 
cles that are inevitably present in wastewater 
and that would strongly reduce the specific 
activity of the sludge. 


The selective production of granules has 
also been successfully applied on nitrifying/ 
anammox sludge in sludge blanket reactors 
that are operated with oxygen-limited aera- 
tion. The result is a substantial improvement 
in the energy management of wastewater 
facilities, as reported for a case in the Nether- 
lands (/4). Because of their high volumetric 
conversion rate, granular-sludge systems also 
offer the possibility for application of anam- 
mox for sewage treatment at the low tempera- 
tures and concentrations that are typical for 
municipal wastewater. 

The availability of a fast anammox pro- 
cess opens real perspectives for a complete 
redesign of the present energy-consuming 
into an energy-yielding wastewater treat- 
ment (see table $1). The principle of this pro- 
cess would be as follows. Sewage is first led 
to a very-high-load activated sludge system, 
where soluble organic matter is converted to 
biomass with maximal growth yield that can 
be flocculated and separated together with the 
nondegraded suspended and colloidal mate- 
rial in a settler. In this way most organic mat- 
ter is removed and concentrated, enabling its 
use in the generation of biogas (methane) in 
a digestion process. The effluent of the first 
stage is combined with the digester effluent 
and treated in a granular-sludge anammox 
reactor. The remaining nitrate will be below 
the required effluent standards for nitrogen 
discharge to the environment. 

Calculations based on (7) show that the 
wastewater treatment process with anammox 
in the main line would yield 24 watt hours 
per person per day (Wh p! d"), compared to 
a consumption of 44 Wh p'! d' in conven- 
tional treatment. The realization of such a 


PERSPECTIVES 


The nitrogen cycle including anammox. Molecu- 
lar nitrogen (N.) is fixed biologically or industrially 
to ammonium (NH,"*), the main fertilizer for plants. 
When ammonium is released to the environment, it 
may be oxidized by aerobic, nitrifying bacteria and 
archaea to nitrite (NO,”) and nitrate (NO,>), respec- 
tively, which plants can use as an additional nitro- 
gen source. Under anaerobic conditions, nitrate and 
nitrite may be reduced back to ammonium, or to 
nitrogen gas through denitrification. Nitrite can also 
be combined with ammonium to give nitrogen gas 
in the anammox reaction. (Background) Outer layer 
of a compact nitrogen-producing granule for possi- 
ble use in energy-generating wastewater treatment. 
The anammox bacteria (red) are on the inside of the 
granule; the nitrite-producing bacteria (blue) reside 
in a 40-um-thick layer on the outside, ensuring that 
oxygen does not reach the anoxic anammox bacte- 
ria. The bacteria have been stained with fluorescent 
165 rDNA probes. 


substantial gain presents great challenges in 
terms of technology and investment. How- 
ever, we are convinced that it is feasible and 
expect that these and other innovations may 
stimulate investigators to take up the chal- 
lenge of making global wastewater treat- 
ment energy-neutral or even energy-gener- 
ating, as called for by many governmental 
programs, such as (/5). 

The discovery and practical applica- 
tion of high-rate nitrogen removal processes 
for wastewater treatment offer an enormous 
opportunity to make our wastewater treat- 
ment not only sustainable, but also a basis 
for the production of clean water that can be 
recycled for a variety of purposes. 
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Bioluminescence in the Ocean: 
Origins of Biological, Chemical, 
and Ecological Diversity 


E. A. Widder 


From bacteria to fish, a remarkable variety of marine life depends on bioluminescence (the chemical 
generation of light) for finding food, attracting mates, and evading predators. Disparate biochemical 
systems and diverse phylogenetic distribution patterns of light-emitting organisms highlight the 
ecological benefits of bioluminescence, with biochemical and genetic analyses providing new 
insights into the mechanisms of its evolution. The origins and functions of some bioluminescent 
systems, however, remain obscure. Here, | review recent advances in understanding bioluminescence 
in the ocean and highlight future research efforts that will unite molecular details with ecological 


and evolutionary relationships. 


nisms reside in the ocean; of the more than 
700 genera known to contain luminous 
species, some 80% are marine (/). These occupy a 
diverse range of habitats, from polar to tropical 
and from surface waters to the sea floor (2). The 
ecological importance of bioluminescence in the 
ocean 1s manifest in the dominance of light emitters 
in open waters; luminescent fish (e.g., mycophids 
and hatchetfish) and crustaceans (e.g., copepods, 
kmill, and decapods) dominate in terms of biomass, 
whereas bacteria and dinoflagellates dominate in 
terms of abundance (3, 4). Its import is also evident 
in the large number of organisms that retain 
functional eyes to detect bioluminescence at depths 
where sunlight never penetrates and in the re- 
markable degree of diversity and evolutionary 
convergence among light-emitting organisms (4). 
Bioluminescent species are found in most of 
the major marine phyla from bacteria to fish. As 
a phylum, comb jellies have the highest propor- 
tion of bioluminescent species, whereas other 
phyla such as diatoms and arrow worms have 
none or few luminescent representatives (2, 4). 
Rivaling its diverse distribution is its impres- 
sive array of colors, intensities, and kinetics. Mea- 
surements of bioluminescent emission spectra have 
revealed a rainbow palette of hues that extend 
over the full visible range (Fig. 1) (5—8). Because 
most bioluminescence has evolved in the open 
ocean, most emission spectra are blue, centered 
on the wavelength that travels farthest through 
seawater (Amax ~ 475 nm) (4). Green is the next 
most common color and is more often found in 
benthic and shallow coastal species, possibly 
because increased turbidity from particles in the 
water scatters blue light and favors the transmis- 
sion of longer wavelengths (6, 9). Violet, yellow, 
orange, and red occur only rarely, and in most of 


T= vast majority of bioluminescent orga- 
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these cases their functions and chemistries remain 
obscure (/, 5-8). 

Photon fluxes span at least nine orders of mag- 
nitude, from about 10° photons per second for a 
single bioluminescent bacterium to more than 10!” 
photons per second for some krill and fish (70-72). 
Emission kinetics range from the persistent glow 
of bioluminescent bacteria to flashes as brief as 
43 ms from lanternfish light organs (/0). Lumi- 
nescent chemicals may be released directly into 
the water or retained within cells called photo- 
cytes. The angular distribution and waveband 
of light emitted by photocytes may be adjusted 
by means of muscles and complex optical com- 
ponents that reflect, refract, or filter the light, in 
which case the photocytes and accessory struc- 
tures are called photophores or light organs. Emit- 
ters may also produce spatial patterns of light 
displayed over the surface of their bodies or by 
swimming patterns during light emission (4). All 
of these parameters carry information to the eyes 
of potential predators, prey, or members of the 
same species. 

Understanding what function bioluminescence 
serves in a particular organism provides insight 
into what selection pressures imposed by the 
environment and by intergroup competition may 
have favored the evolution of bioluminescence 
in one group over another. Wide diversity among 
light-emitting chemistries has long confounded 
efforts to trace evolutionary origins. Here, I review 
new evidence centered on alternative cellular func- 
tions for light-emitting molecules and genomic 
analyses of light emitters that further illuminates 
the evolutionary origins of bioluminescence. 


What Are the Functions of Bioluminescence? 


The many functions of bioluminescence reflect the 
unique nature of the visual environment in which 
they have evolved. The open ocean is a world 
without hiding places, where sunlight filtering 
down through clear water diminishes approxi- 
mately 10-fold for every 75 m of decent, until all 


visible light disappears below 1000 m (/2). Under 
sunlight or moonlight, the light field is dim, blue, 
and highly directional. In order to hide, many 
animals vertically migrate downward into the dark 
depths during the day and only venture into food- 
rich surface waters under cover of darkness (4). 
This results in what some consider the most 
massive animal migration pattern on the planet 
(/2). As a consequence of this migration, most 
open ocean inhabitants live their lives in dim light 
or darkness, where bioluminescence can aid 
animal survival in at least three critical ways: (i) 
It can serve as an aid in locating food, either by 
means of built-in headlights or by the use of 
glowing lures. (ii) It can be used to attract a mate 
by means of species-specific spatial or temporal 
patterns of light emission. (iii) It can function as a 
defense against predators (4). The last is probably 
the most common use and takes many forms. Some 
animals, including crustaceans, squid, jellyfish, 
and fish, release their light-emitting chemicals into 
the water, producing clouds or particles of light 
that serve to distract or blind a predator (2, 4, /2). 
Other animals mark their predators with lumi- 
nescent slime, making them easy targets for sec- 
ondary predators (2). Alternatively, when caught 
in the clutches of a predator, some luminescent 
prey produce bright and often elaborate displays, 
which attract secondary predators that will attack 
the first attacker, thereby affording them an op- 
portunity for escape (2, 4). Luminescence may 
also be used as a warning to predators, signaling 
the unpalatability of the prey (2). It is also used 
extensively as camouflage, in a process called 
counterillumination, whereby the silhouette of 
an opaque animal is replaced by bioluminescence 
of comparable color, intensity, and angular dis- 
tribution to downwelling ambient light. This latter 
use of bioluminescence is common among fishes, 
crustaceans, and squid that inhabit the twilight 
depths of the ocean where many predators have 
upward-looking eyes adapted for locating the 
silhouettes of prey (2, 4, 9). 

In most cases, the presumed function of the 
light emission has its basis in inference from 
morphological and physiological characteristics 
rather than experimental studies or in situ ob- 
servations (/3). For example, in the case of fish 
with red-emitting light organs (Fig. 1), the lo- 
cation of the light organ just below the eye and 
the unusual long-wavelength sensitivity of the 
eye suggest that their red luminescence may 
be used to illuminate prey that are blind to red 
light (74). In the case of luminous bacteria that 
form specific symbioses with certain marine 
fishes and squid, the adaptive value of the light 
emission is generally evident: The bacteria pro- 
vide the host with light that can be used to attract 
prey, evade predators, or attract a mate, while the 
host provides the bacteria with an ideal growth 
environment (/5). For free-living bacteria where 
the adaptive value is less evident, the most 
generally accepted hypothesis is that luminous 
bacteria growing on fecal pellets may serve as 
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an attractant, causing the pellets to be consumed 
and thereby introducing the bacteria to an animal’s 
nutrient-rich gut (2). 

Experimental evidence for function has been 
largely confined to studies of physiological 
control, such as experiments demonstrating the 
ability of counterilluminators to adjust the physical 
characteristics of their ventral light emissions to 
match those of experimentally manipulated down- 
welling light fields (4, 9). Behavioral experiments 
are far less common, with the most extensive 
studies being those with dinoflagellates demon- 
strating that their light emission reduces grazing 
by nocturnal predators (4). 

Opportunities for direct in situ observation are 
rare. Explorations with submersibles and remote- 
operated vehicles are regularly revealing new 
luminescent organisms, such as the newly dis- 
covered bombardier worms: swimming deep-sea 
annelids that release green light bombs when 
disturbed (/6). But many behaviors can only be 
observed unobtrusively by using methodologies 
that have recently become possible with far-red 


illumination and intensified imaging technologies 


(17). 


What Is the Biochemical Variability 
of Bioluminescence? 
The chemical reaction involved in bioluminescence 
must be sufficiently energetic to produce an ex- 
cited singlet state molecule that will generate a 
visible photon as it relaxes back down into its 
ground state (in contrast to fluorescence and phos- 
phorescence, which depend on absorption of 
sufficiently energetic photons). Chemical oxida- 
tion reactions involving molecular oxygen fit this 
criterion (/), which may explain why the primary 
mechanism operating in bioluminescent reac- 
tions involves the breakdown of a peroxide bond 
(78). In fact, the generic terms for the enzyme 
(luciferase) and substrate (luciferin) involved in 
light-producing reactions require taxon prefixes to 
distinguish the different bioluminescent systems 
(Fig. 2). 

In bacteria, two simple substrates [a reduced 
flavin mononucleotide (FMNH;) and a long- 


REVI 


chain aliphatic aldehyde (RCHO)] are oxidized by 
molecular oxygen and luciferase. The aldehyde 
is consumed during the reaction but is continu- 
ously synthesized by the bacteria, resulting in a 
persistent glow (/5). Alternatively, the chemical 
structure of dinoflagellate luciferin bears a striking 
similarity to chlorophyll (Fig. 2), which suggests 
that it originated in photosynthetic species. Although 
the biosynthetic pathway of luciferin is unknown 
in dinoflagellates (79), a dietary dependence on 
dinoflagellate luciferin has been suggested in krill 
(2). Ostracod luciferin is an imidazopyrazinone 
synthesized from three amino acids (Trp-Ile-Arg) 
as is coelenterazine (Phe-Tyr-Tyr) (Fig. 2), but 
in both cases the details of biosynthesis are un- 
known (2). In the case of coelenterazine, its manner 
of biosynthesis has recently become of particular 
interest with the discovery that coelenterates require 
it as a dietary source (20). Although there is some 
circumstantial evidence for its synthesis in crus- 
taceans (2/), such a linkage remains to be con- 
firmed. In some bioluminescent systems, accessory 
proteins serve as secondary emitters, which shift 
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Fig. 1. The distribution of bioluminescence emission maxima varies by marine environment and organism type. Bioluminescent emissions extend over the full visible range 
and beyond. [Photo credits: ]. Cohen for the photograph of S. crassicornus; P. Herring, P. bifrons; and P. Batson (DeepSeaPhotography.com), C. faureil 
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Fig. 2. The chemical structures of the four best-known luciferins are as diverse as 
their phylogenetic distribution. Bacterial luciferin may occur in free-living or symbiont 
bacteria (e.g., in squid such as Heteroteuthis dispar) or in fish such as Melanocetous 
johnsoni. Dinoflagellate luciferin occurs not only in dinoflagellates (e.g., Pyrocystis 
fusiformis) but also in euphausiids (e.g., Meganyctiphanes norvegica). Some of those 
using coelenterazine as luciferin include radiolarians (e.g., unidentified polycystine 
radiolarians), cnidarians (e.g., scyphozoan Periphyila periphylla, as seen in the light 
and photographed by its own light), ctenophores (e.g., Bathocyroe foster, with 
bioluminescence display shown in inset), vampire squid (e.g., Vampyroteuthis 


Dinoflagellate luciferin 


Coelenterazine Cypridina luciferin 


infernalis), ostracods (e.g., Orthoconchoecia agassizi), copepods (e.g., Gaussia 
princeps releasing its bioluminescent chemicals from glands on its tail, shown in 
inset), decapods (e.g., Acanthephyra purpurea spewing luciferin and luciferase out of 
its mouth), chaetognaths (e.g., Caecosagitta macrocephala), and fish (e.g., the 
myctophid Diaphus sp. has a large preorbital light organ). Cypridina luciferin, which 
is an imidazopyrazinone like coelenterazine, is found in ostracods such as Vargula 
hilgendorfii and is the dietary source of luciferin for the midshipman fish Porichthys 
notatus. [Photo credits: S. Haddock, radiolarians and chaetognath; K. Reisenbichler, 
V. infernalis; ]. Case, copepod luminescent glands and midshipman fish photophores] 
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the color of the bioluminescent emission to longer 
wavelengths. The best known of these is green 
fluorescent protein (GFP), which was isolated and 
cloned from a bioluminescent jellyfish and has 
been used extensively as an in vivo fluorescent 
marker of gene expression, protein synthesis, and 
cell lineage (/). 

Besides the four best-known luciferins used 
by marine organisms (Fig. 2), there are some that 
are partially defined, such as that of the rock- 
boring clam Pholas dactylus, the parchment tube 
worm Chaetopterus variopedatus, and the syllid 
fireworm Odontosyllis enopla, as well as many 
more yet to be elucidated, most notably among 
mollusks, echninoderms, and hemicordates (acorn 
worms) (/). 


What Are Evolutionary Processes That 

Lead to Bioluminescence? 

Based on the number of light-producing chemistries 
across the monophyletic lineages, bioluminescence 
is estimated to have evolved independently at 
least 40 times (2). Remarkably, not only is there 
evidence of independent origins within taxa (e.g., 
ostracods have two known chemistries: coelen- 
terazine and vargulin) but even within individual 
species (e.g., the deep-sea anglerfish, Linophryne 
coronata, has two different light-emitting sys- 
tems in adult females: bacterial luminescence 
in the dorsal lure and an intrinsic, unidentified 
chemistry in the chin barbel) (Fig. 3A). 

Most hypotheses put forth to explain the evo- 
lution of luminescent systems fall into two basic 
categories related to selection acting on either 
substrates or enzymes. In the first case, selection 
driving the evolution of luciferin substrates may have 
resulted from pressures to protect organisms from 
photochemically generated reactive oxygen species 
such as HO, and O, (/8). For example, the 
luciferin coelenterazine, which is found in at least 
nine phyla, is a strong antioxidant (2, /8). As vision- 
dependent animals migrated to greater depths to 
escape detection by visual predators, the reduced 
oxidative stress in deeper waters shifted the selection 
pressure from the antioxidative to the chemi- 
luminescent properties of this molecule (8). 

The alternative enzyme-centric explanation 
suggests luciferases originally acted as mixed- 
function oxygenases (22). In this case, as visual 
animals were driven into darker waters, natural 
selection may have favored the development of 
more-sensitive eyes and enhanced visibility of 
visual signals (4). As a consequence, a mutation 
in an oxygenase enzyme involved in the break- 
down of pigment molecules associated with spots 
displayed to attract a mate or repel a predator could 
result in external luminescence that caused imme- 
diate selective pressures for the light emitter (22). 
Although the oxygenase hypothesis has been 
questioned by genetic and biochemical evidence 
(78), there remains support for enhanced visual 
signaling selection pressures. For example, there is 
evidence that the deep-sea finned octopod, 
Stauroteuthis syrtensis, developed light organs 
from suckers because the selective advantage of 


the visual display of suckers (i.e., to attract a 
mate) superceded the advantage provided by 
their adhesive properties (Fig. 3B) (23). 

Although the chemical basis for light produc- 
tion in octopods has not been determined, light 
emission at suckers or any other localized photo- 
phore would require an enzyme mutation coupled 
with substrate availability. Therefore, by combining 
the substrate-centric and enzyme-centric hypothe- 
ses, one might envision a scenario where reduced 
oxidative stress in deeper waters freed up anti- 
oxidants, such as coelenterazine, as substrates for 
chemiluminescent reactions that resulted from 
specific enzyme mutations. This view gains 
support from the fact that, although light-emitting 
substrates are relatively few in number and con- 
served across phyla, the bioluminescent enzymes 
are unique and independently derived (2). 

There may also be a connection to protection 
from oxidative stress with GFP because similar 
proteins exist in bioluminescent jellyfish and sea 
pens, as well as in non-bioluminescent corals, 
copepods, and lancelets (24). In corals and lance- 
lets, it has been suggested that GFP-like proteins 
could function as antioxidants to detoxify reactive 
oxygen species (24, 25). 

In bioluminescent bacteria, the question of 
evolutionary origins has recently gained new 
focus with the reclassification of members of the 
Vibrio fischeri species group as a new genus, 
Aliivibrio (26). The taxonomy of luminescent 
bacteria has been revised often in efforts to better 
define evolutionary relationships and origins. The 
distribution of bioluminescent species among 
bacteria is not even; all species in the terrestrial 
genus Photorhabdus are luminescent, but marine 
genera with bioluminescent species (Aliivibrio, 
Photobacterium, Shewanella, and Vibrio) include 
many closely related nonluminous species (/5). 
Nonetheless, comparative genomics have revealed 
that all luminous bacteria share a common gene 
sequence: the lux operon that encodes for the bio- 
synthesis of luciferase and its substrates (/5). This 
highly conserved sequence appears in bacteria 
from very different ecological niches, suggesting a 
strong selective advantage despite the energetic 
costs of producing light. In mixed cultures of lumi- 
nescent and dark mutants of Vibrio harveyi, the 
dark mutants rapidly overrun the culture unless 
the mixture is irradiated with ultraviolet (UV) light, 
in which case the balance tips the other way, 
apparently because bioluminescence stimulates 
DNA repair (27). If DNA repair was the initial 
selective advantage for light production in bacteria, 
then the lux operon may have been lost in bacteria 
that evolved more efficient DNA repair systems 
but retained in those where visible light became a 
selective advantage. Further selective advantage 
would have been afforded with the evolution of 
quorum sensing, which conserves energy by as- 
suring that luminescent bacteria do not synthesize 
their light-producing chemicals unless a sufficient 
concentration are present to be visible. Although 
once considered confined to bioluminescent bacte- 
ria, quorum sensing is widespread in nonluminous 


Fig. 3. Bioluminescence has resulted from some 
intriguing evolutionary adaptations. (A) In the deep- 
sea anglerfish Linophryne coronata, bioluminescence 
from the esca is bacterial in origin, whereas that 
from the chin barbel is an unidentified intrinsic 
chemistry. (B) In the octopus Stauroteuthis syrtensis, 
its suckers are photophores. (C) In the tunicate Pyro- 
soma atlanticum, luminescence originates from pu- 
tative bacterial endosymbionts. 


www.sciencemag.org SCIENCE VOL 328 7 MAY 2010 


707 


Downloaded from www.sciencemag.org on May 6, 2010 


REVIEW 


Gram-negative bacteria, where it serves multi- 
ple functions, such as enhancing pathogenicity 
of bacteria by delaying toxin production until 
population densities are high enough to over- 
whelm the host’s defenses (28). The question, 
therefore, arises: Which came first, quorum sensing 
or bioluminescence? 

The details of bacteritum-host interactions in 
bioluminescent symbionts [e.g., A. fischeri and 
the Hawaiian bobtail squid Euprymna scolopes 
(29-31)] reveal unique insights into the co- 
evolution of bioluminescence among distinct 
classes of organisms. For example, the recent 
discovery of light perception capabilities within 
the light organ of E. scolopes explains how the 
host has the means to reject nonluminous strains 
of A. fischeri (32). Although it was once thought 
that such complex and tightly coupled associa- 
tions must have coevolved, recent phylogenetic 
analyses of bacteria isolated from two squid 
families (33) and seven teleost families (34) 
revealed deep divergences among the hosts that 
are not reflected in the symbionts, pointing to evo- 
lutionarily independent origins of these symbio- 
ses. It will be interesting to see whether the 
same differences exist between hosts and symbi- 
onts in flashlight fishes and deep-sea anglerfishes, 
where the bacterial symbionts, which are re- 
acquired from the environment with each gener- 
ation, are as yet unidentified and unculturable (/5). 

Further along the continuum toward greater 
integration of symbiont and host are the the 
colonial tunicates known as pyrosomes (Fig. 3C). 
On the basis of demonstrated bacterial luciferase 
activity, their luminescent organs may be bacte- 
rial endosymbionts (/). However, they do not 
produce the persistent glow characteristic of 
luminous bacteria but emit light in response to 
either mechanical or photic stimuli (/2). Pyro- 
somes are exciting candidates for genomic-level 
analysis and possibly gaining new insight into the 
mechanisms that underlie endosymbiosis. 

Some of the most detailed information on the 
evolution of bioluminescent enzymes in the ocean 
comes from work on marine dinoflagellates. 
Although there are no sequenced dinoflagellate 
genomes, eight dinoflagellate luciferase genes 
have been fully identified (79). Phylogenetic 
analysis indicates that the most primitive lucifer- 
ase of these eight is from the large heterotroph 
Noctiluca scintillans. This luciferase gene codes 
for a single catalytic domain (/9), whereas in the 
seven other sequenced luciferases—all from 
photosynthetic dinoflagellates—there are three 
homologous catalytic sites (35). Although these 
sites are highly conserved across this group, there 
are some differences in their genetic structure; for 
example, the luciferase gene in Pyrocystis has a 
large unique noncoding region (36). P. lunula 
also differs substantially from the other dino- 
flagellates in this group in that it lacks luciferin 


binding protein and exhibits no circadian rhythm 
in the breakdown of luciferase, luciferin binding 
protein, and its light-producing organelles and it 
produces approximately two orders of magni- 
tude more light in response to mechanical stimuli 
(12). Given these differences, it seems likely that 
the selective pressures shaping the luminescent 
capacities of these dissimilar dinoflagellates may 
have diverged at some point in evolutionary his- 
tory. Relating comparative genomic analysis to 
variable luminescent capacities and control mech- 
anisms in different dinoflagellates is an intriguing 
new approach to comprehending the adaptive 
importance of bioluminescence. Dinoflagellates 
may also provide valuable insight into how gene 
duplication and gene loss function in generating 
biodiversity. For example, luciferase gene loss 
can now be examined by using oligonucleotide 
primers recently developed for specific lucif- 
erase genes. Use of these primers revealed a 
strain of Gonyaulax spinifera that produces bio- 
luminescence at such low levels it is undetectable 
to the human eye, suggesting that either the lucif- 
erase is not expressed or that only remnants of 
the genes remain (37). 


Seeing the Light 


The many examples of evolutionary convergence 
related to bioluminescence are a testament to the 
survival value of the trait, whereas its abundance 
and ubiquity in the ocean attests to its importance 
in marine ecosystems. In situ imaging systems 
used to document the vertical distribution of 
planktonic emitters from surface to sea floor (38), 
as well as calculate their nearest-neighbor dis- 
tances (/2), will become increasingly important 
to providing a more detailed understanding of 
animal distributions and population dynamics in 
ocean ecosystems. Satellite sensor systems may 
also contribute, as with the recent detection of a 
15,400-km? bioluminescent “milky sea” in the 
Indian Ocean (39). This eerie phenomenon may 
be due to a luminous bacterium (e.g., Vv harveyi) 
growing on the remains of a monsoon-induced 
algal bloom (/2). However, this hypothesis awaits 
confirmation until in situ collections are made in 
an active milky sea. Improved low-light sensors 
deployed from aerial platforms may facilitate 
more targeted sampling efforts. It is hoped that 
with improved in situ sensor technology and 
additional observation platforms, such as auton- 
omous underwater vehicles and undersea observ- 
atories, new insights from the field will be 
combined with more detailed genomic and 
physiologic studies in the laboratory to better 
understand the ecological importance and adapt- 
ive value of bioluminescence in the ocean. 
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Washing Away 


Postdecisional Dissonance 


Spike W. S. Lee* and Norbert Schwarz 


and washing removes more than dirt—it 
H« removes the guilt of past misdeeds, 

weakens the urge to engage in compen- 
satory behavior (/), and attenuates the impact of 
disgust on moral judgment (2). These findings 
are usually conceptualized in terms of a purity- 
morality metaphor that links physical and moral 
cleanliness (3); however, they may also reflect 
that washing more generally removes traces of 
the past by metaphorically wiping the slate clean. 
If so, washing one’s hands may lessen the influ- 
ence of past behaviors that have no moral impli- 
cations at all. We test this possibility in a choice 
situation. Freely choosing between two similarly 
attractive options (e.g., Paris or Rome for vaca- 
tion) arouses cognitive dissonance, an aversive 
psychological state resulting from conflicting cog- 
nitions. People reduce dissonance by perceiving 
the chosen alternative as more attractive and the 
rejected alternative as less attractive after choice, 
thereby justifying their decision (4, 5). We test 
whether hand washing reduces this classic post- 
decisional dissonance effect. 

In individual sessions as part of an alleged 
consumer survey, 40 undergraduates browsed 
30 CD covers as if they were in a music store. 
They selected 10 CDs they would like to own 
and ranked them by preference. Later, the ex- 
perimenter offered them a choice between their 
fifth- and sixth-ranked CDs as a token of appre- 


Difference between 
choice alternatives 


3 


ciation from the sponsor. After the choice, partic- 
ipants completed an ostensibly unrelated product 
survey that asked for evaluations of a liquid soap; 
half merely examined the bottle before answer- 
ing, whereas others tested the soap by washing 
their hands. After a filler task, participants ranked 
the 10 CDs again, allegedly because the sponsor 
wanted to know what people think about the 
CDs after leaving the store (6). 

Can washing one’s hands attenuate the need 
to justify a recent choice? Yes (Fig. 1). For those 
who merely examined the soap, the preference 
for the chosen over the rejected alternative in- 
creased from before choice [mean (M) = 0.14 
and SD = 1.01] to after choice (VM = 2.05, SD = 
1.96) by an average of 1.9 ranks [F(1, 38) = 
20.40, P < 0.001, for the simple effect], replicat- 
ing the standard dissonance effect. In contrast, 
for those who washed their hands, preferences 
were unaffected by their decision [before choice, 
M=0.68, SD = 0.75; after choice, M= 1.00, SD = 
1.41; F < 1 for the simple effect]. Thus, hand 
washing significantly reduced the need to justify 
one’s choice by increasing the perceived differ- 
ence between alternatives [F(1, 38) = 6.74, P = 
0.01, for the interaction of time and hand-washing 
manipulation]. 

A study with a different choice task, cleaning 
manipulation, and measure replicated this finding 
(7). In individual sessions, 85 students responded 
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Fig. 1. Postdecisional dissonance after hand washing or no hand washing (study 1). Each bar represents 
the rank difference between the chosen and rejected alternatives, with higher values indicating higher 
preferences for the chosen alternative. Error bars represent standard error. 
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to an alleged consumer survey about four fruit 
jams (shown in pictures). They were subsequently 
offered a choice between two jars as a sign of the 
sponsor’s appreciation. After their choice, partic- 
ipants completed an ostensibly unrelated product 
survey about an antiseptic wipe; half merely 
examined the wipe, whereas others tested it by 
cleaning their hands. Next, they rated the ex- 
pected taste of the four jams (0 = not good at all; 
10 = very good). 

Participants who did not clean their hands 
after making a choice expected the chosen jam to 
taste much better (VM = 8.00, SD = 1.65) than the 
rejected jam (M = 6.43, SD = 1.81) [FC, 83) = 
27.54, P< 0.001, for the simple effect]; hand clean- 
ing attenuated this difference to nonsignificance 
[for chosen jam, M = 7.63 and SD = 1.56; for 
rejected jam, M = 7.23 and SD = 1.25; FU, 83) = 
1.79, P= 0.19, for the simple effect]. Thus, hand 
cleaning significantly reduced the classic post- 
decisional dissonance effect [F(1, 83) = 7.80, P= 
0.006, for the interaction of product and hand- 
cleaning manipulation]. 

These findings indicate that the psycholog- 
ical impact of physical cleansing extends beyond 
the moral domain. Much as washing can cleanse 
us from traces of past immoral behavior, it can 
also cleanse us from traces of past decisions, re- 
ducing the need to justify them. This observation 
is not captured by the purity-morality metaphor 
and highlights the need for a better understand- 
ing of the processes that mediate the psycho- 
logical impact of physical cleansing. To further 
constrain the range of plausible candidate ex- 
planations, future research may test whether the 
observed “clean slate” effect is limited to past 
acts that may threaten one’s self-view (e.g., moral 
transgressions and potentially poor choices) or 
also extends to past behaviors with positive 
implications. 
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Neandertals, the closest evolutionary relatives of present-day humans, lived in large parts of Europe 
and western Asia before disappearing 30,000 years ago. We present a draft sequence of the Neandertal 
genome composed of more than 4 billion nucleotides from three individuals. Comparisons of the 
Neandertal genome to the genomes of five present-day humans from different parts of the world 
identify a number of genomic regions that may have been affected by positive selection in ancestral 
modern humans, including genes involved in metabolism and in cognitive and skeletal development. 
We show that Neandertals shared more genetic variants with present-day humans in Eurasia than with 
present-day humans in sub-Saharan Africa, suggesting that gene flow from Neandertals into the 
ancestors of non-Africans occurred before the divergence of Eurasian groups from each other. 


dertals first appear in the European fossil 

record about 400,000 years ago (/—3). 
Progressively more distinctive Neandertal forms 
subsequently evolved until Neandertals disap- 
peared from the fossil record about 30,000 years 
ago (4). During the later part of their history, 
Neandertals lived in Europe and Western Asia 
as far east as Southern Siberia (5) and as far 
south as the Middle East. During that time, Nean- 
dertals presumably came into contact with ana- 
tomically modern humans in the Middle East from 
at least 80,000 years ago (6, 7) and subsequently 
in Europe and Asia. 

Neandertals are the sister group of all present- 
day humans. Thus, comparisons of the human 
genome to the genomes of Neandertals and 
apes allow features that set fully anatomically 
modern humans apart from other hominin forms 
to be identified. In particular, a Neandertal ge- 
nome sequence provides a catalog of changes 
that have become fixed or have risen to high 
frequency in modern humans during the last 
few hundred thousand years and should be 
informative for identifying genes affected by 
positive selection since humans diverged from 
Neandertals. 

Substantial controversy surrounds the question 
of whether Neandertals interbred with anatomi- 
cally modern humans. Morphological features 
of present-day humans and early anatomically 
modem human fossils have been interpreted as 
evidence both for (8, 9) and against (70, 1/) ge- 
netic exchange between Neandertals and the pre- 


T= morphological features typical of Nean- 


sumed ancestors of present-day Europeans. 
Similarly, analysis of DNA sequence data from 
present-day humans has been interpreted as evi- 
dence both for (/2, 73) and against (/4) a genetic 
contribution by Neandertals to present-day hu- 
mans. The only part of the genome that has been 
examined from multiple Neandertals, the mito- 
chondrial DNA (mtDNA) genome, consistently 
falls outside the variation found in present-day 
humans and thus provides no evidence for inter- 
breeding (/5—/9). However, this observation 
does not preclude some amount of interbreeding 
(14, 19) or the possibility that Neandertals con- 
tributed other parts of their genomes to present- 
day humans (/6). In contrast, the nuclear genome 
is composed of tens of thousands of recombin- 
ing, and hence independently evolving, DNA seg- 
ments that provide an opportunity to obtain a 
clearer picture of the relationship between Nean- 
dertals and present-day humans. 

A challenge in detecting signals of gene flow 
between Neandertals and modern human ances- 
tors is that the two groups share common ances- 
tors within the last 500,000 years, which is no 
deeper than the nuclear DNA sequence variation 
within present-day humans. Thus, even if no gene 
flow occurred, in many segments of the genome, 
Neandertals are expected to be more closely re- 
lated to some present-day humans than they are to 
each other (20). However, if Neandertals are, on 
average across many independent regions of the 
genome, more closely related to present-day hu- 
mans in certain parts of the world than in others, 
this would strongly suggest that Neandertals ex- 


changed parts of their genome with the ances- 
tors of these groups. 

Several features of DNA extracted from Late 
Pleistocene remains make its study challenging. 
The DNA is invariably degraded to a small aver- 
age size of less than 200 base pairs (bp) (2/, 22), 
it is chemically modified (27, 23-26), and extracts 
almost always contain only small amounts of en- 
dogenous DNA but large amounts of DNA from 
microbial organisms that colonized the specimens 
after death. Over the past 20 years, methods for 
ancient DNA retrieval have been developed (2/, 22), 
largely based on the polymerase chain reaction 
(PCR) (27). In the case of the nuclear genome of 
Neandertals, four short gene sequences have been 
determined by PCR: fragments of the MCR gene 
involved in skin pigmentation (28), a segment of 
the FOXP2 gene involved in speech and language 
(29), parts of the ABO blood group locus (30), and 
a taste receptor gene (3/). However, although PCR 
of ancient DNA can be multiplexed (32), it does 
not allow the retrieval of a large proportion of the 
genome of an organism. 

The development of high-throughput DNA se- 
quencing technologies (33, 34) allows large-scale, 
genome-wide sequencing of random pieces of 
DNA extracted from ancient specimens (35-37) 
and has recently made it feasible to sequence ge- 
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nomes from late Pleistocene species (38). How- 
ever, because a large proportion of the DNA 
present in most fossils is of microbial origin, 
comparison to genome sequences of closely 
related organisms is necessary to identify the 
DNA molecules that derive from the organism 
under study (39). In the case of Neandertals, the 
finished human genome sequence and the chim- 
panzee genome offer the opportunity to identify 
Neandertal DNA sequences (39, 40). 

A special challenge in analyzing DNA se- 
quences from the Neandertal nuclear genome 
is that most DNA fragments in a Neandertal are 
expected to be identical to present-day humans 
(41). Thus, contamination of the experiments 
with DNA from present-day humans may be 
mistaken for endogenous DNA. We first applied 
high-throughput sequencing to Neandertal speci- 
mens from Vindija Cave in Croatia (40, 42), a 
site from which cave bear remains yielded some 
of the first nuclear DNA sequences from the late 
Pleistocene in 1999 (43). Close to one million bp 
of nuclear DNA sequences from one bone were 
directly determined by high-throughput sequenc- 
ing on the 454 platform (40), whereas DNA frag- 
ments from another extract from the same bone 
were cloned in a plasmid vector and used to 
sequence ~65,000 bp (42). These experiments, 
while demonstrating the feasibility of generating 
a Neandertal genome sequence, were preliminary 
in that they involved the transfer of DNA extracts 
prepared in a clean-room environment to conven- 
tional laboratories for processing and sequencing, 
creating an opportunity for contamination by 
present-day human DNA. Further analysis of 
the larger of these data sets (40) showed that it 
was contaminated with modern human DNA (44) 
to an extent of 11 to 40% (4/). We employed a 
number of technical improvements, including the 
attachment of tagged sequence adaptors in the 
clean-room environment (23), to minimize the risk 
of contamination and determine about 4 billion 
bp from the Neandertal genome. 

Paleontological samples. We analyzed a 
total of 21 Neandertal bones from Vindija Cave 
in Croatia that are of little morphological value. 
From below the surface of each of these bones, 
we removed 50 to 100 mg of bone powder using 
a sterile dentistry drill in our Leipzig clean-room 
facility. All samples were screened for the pres- 
ence of Neandertal mtDNA by PCR, and three 
bones were selected for further analysis (Fig. 1A) 
[Supporting Online Material (SOM) Text 2]. The 
first of these bones, Vi33.16 (previously Vi-80) 
was discovered in stratigraphic layer G3 by Malez 
and co-workers in 1980 and has been directly 
dated by carbon-14 accelerator mass spectrometry 
to 38,310 + 2,130 years before the present (B.P.) 
(uncalibrated) (/9). It has been previously used for 
genome sequencing (40, 42) and for the deter- 
mination of a complete mtDNA sequence (45). 
The second bone, Vi33.25, comes from layer I, 
which is deeper and thus older than layer G. A 
complete mtDNA sequence has been determined 
from this bone (/5). It does not contain enough 


collagen to allow a direct date. The third bone, 
Vi33.26, comes from layer G (sublayer unknown) 
and has not been previously used for large-scale 
DNA sequencing. It was directly dated to 44,450 + 
550 years B.P. (OxA-V-2291-18, uncalibrated). 
Sequencing library construction. A total of 
nine DNA extracts were prepared from the three 
bones (table S4) using procedures to minimize 
laboratory contamination that we have devel- 
oped over the past two decades (22, 41). Samples 
of each extract were used to construct Roche/454 
sequencing libraries that carry the project-specific 
tag sequence 5'-TGAC-3’ in their 3'-ends. Each 
library was amplified with the primers used in the 
454 sequencing emulsion PCR process. To esti- 
mate the percentage of endogenous Neandertal 
DNA in the extracts, we carried out sequencing 
runs using the 454 Life Sciences GS FLX plat- 
form and mapped the reads against the human, 
chimpanzee, rhesus, and mouse genomes as well 
as all nucleotide sequences in GenBank. DNA 
sequences with a significantly better match to the 
primate genomes than to any of the other sources 
of sequences were further analyzed. Mitochon- 
drial DNA contamination from modern humans 
was estimated by primer extension capture (46) 
using six biotinylated primers that target inform- 
ative differences between human and Neandertal 
mtDNA (45), followed by sequencing on the GS 
FLX platform. Extracts that contained more than 
1.5% hominin DNA relative to other DNA were 
used to construct further libraries. These were sim- 
ilarly analyzed to assess the percentage of hominin 
DNA and, if found suitable, were used for pro- 
duction sequencing on the 454 Life Sciences GS 
FLX/Titanium and Illumina GAII platforms. 
Enrichment of Neandertal DNA. Depend- 
ing on the extract, between 95 and 99% of the 
DNA sequenced in the libraries was derived from 
nonprimate organisms, which are presumably 
derived from microbes that colonized the bone 
after the death of the Neandertals. To improve the 
ratio of Neandertal to microbial DNA, we iden- 
tified restriction enzymes that preferentially cut 
bacterial DNA sequences in the libraries and treated 
the libraries with these to increase the relative 
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proportion of Neandertal DNA in the libraries 
(SOM Text 1). Such enzymes, which have recog- 
nition sites rich in the dinucleotide CpG, allowed 
a 4- to 6-fold increase in the proportion of Nean- 
dertal DNA in the libraries sequenced. This is 
expected to bias the sequencing against GC-rich 
regions of the genome and is therefore not suit- 
able for arriving at a complete Neandertal genome 
sequence. However, for producing an overview of 
the genome at about one-fold coverage, it drasti- 
cally increases the efficiency of data production 
without unduly biasing coverage, especially in 
view of the fact that GC-rich sequences are over- 
represented in ancient DNA sequencing libraries 
(23, 45) so that the restriction enzyme treatment 
may help to counteract this bias. 

Sequencing platforms and alignments. In 
the initial phase of the project, we optimized 
DNA extraction technology and library construc- 
tion [e.g., (47)]. In a second phase, we carried out 
production sequencing on the 454 Life Sciences 
GS FLX platform from the bones Vi33.16 and 
Vi33.26 (0.5 Gb and 0.8 Gb of Neandertal se- 
quence, respectively). In the third phase, we 
carried out production sequencing on the Illumina/ 
Solexa GAII platform from the bones Vi33.16, 
Vi33.25, and Vi33.26 (1.2 Gb, 1.3 Gb, and 1.5 Gb, 
respectively) (table S4). Each molecule was se- 
quenced from both ends (SOM Text 2), and bases 
were called with the machine learning algorithm 
Ibis (48). All reads were required to carry correct 
clean-room tags, and previous data where these tags 
were not used (40, 42) were not included in this 
study. Except when explicitly stated, the analyses 
below are based on the largest data sets, generated 
on the Illumina platform. In total, we generated 5.3 
Gb of Neandertal DNA sequence from about 400 
mg of bone powder. Thus, methods for extracting 
and sequencing DNA from ancient bones are now 
efficient enough to allow genome-wide DNA 
sequence coverage with relatively minor damage 
to well-preserved paleontological specimens. 

The dominant type of nucleotide misincorpora- 
tion when ancient DNA is amplified and sequenced 
is due to deamination of cytosine residues (25). This 
causes C to T transitions in the DNA sequences, 


Fig. 1. Samples and sites from which DNA was retrieved. (A) The three bones from Vindija from which 
Neandertal DNA was sequenced. (B) Map showing the four archaeological sites from which bones were 


used and their approximate dates (years B.P.). 
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particularly toward the 5'-ends of DNA reads, where 
at the first position ~40% of cytosine residues can 
appear as thymine residues. The frequency of C 
to T muisincorporations progressively diminishes 
further into the molecules. At the 3’-ends, comple- 
mentary G to A transitions are seen as a result of the 
enzymatic fill-in procedure in which blunt DNA 
ends are created before adaptor ligation (23). We 
implemented an alignment approach that takes 
these nucleotide misincorporation patterns into 
account (SOM Text 3) and aligned the Neandertal 
sequences to either the reference human genome 
(UCSC hg18), the reference chimpanzee genome 
(panTro2), or the inferred human-chimpanzee 
common ancestral sequence (SOM Text 3). 

To estimate the error rate in the Neandertal 
DNA sequences determined, we compared reads 
that map to the mitochondrial genomes, which we 
assembled to 35-, 29- and 72-fold coverage for 
each of the bones, respectively (5, 45) (SOM Text 
4). Although C to T and G to A substitutions, 
which are caused by deaminated cytosine residues, 
occur at a rate of 4.5 to 5.9%, other error rates are at 
most 0.3% (fig. S4). Because we sequence each 
DNA fragment from both sides, and most frag- 
ments more than once (49), the latter error rate is 
substantially lower than the error rate of the 
Illumina platform itself (48, 50). 

Number of Neandertal individuals. To assess 
whether the three bones come from different 
individuals, we first used their mtDNAs. We have 
previously determined the complete mtDNA 
sequences from the bones Vi33.16 and Vi33.25 
(15, 45), and these differ at 10 positions. There- 
fore, Vi33.16 and Vi33.25 come from different 
Neandertal individuals. For the bone Vi33.26, we 
assembled the mtDNA sequence (SOM Text 4) 
and found it to be indistinguishable from Vi33.16, 
suggesting that it could come from the same in- 
dividual. We analyzed autosomal DNA sequences 
from the three bones (SOM Text 4) by asking 
whether the frequency of nucleotide differences 
between pairs of bones was significantly higher 
than the frequency of differences within the bones. 
We find that the within-bone differences are 
significantly fewer than the between-bone differ- 
ences for all three comparisons (P < 0.001 in all 
cases). Thus, all three bones derive from different 
individuals, although Vi33.16 and Vi33.26 may 
stem from maternally related individuals. 


Estimates of human DNA contamination. 
We used three approaches that target mtDNA, Y 
chromosomal DNA, and nuclear DNA, respec- 
tively, to gauge the ratio of present-day human 
relative to Neandertal DNA in the data produced. 
To analyze the extent of mtDNA contamination, 
we used the complete mtDNA from each bone to 
identify positions differing from at least 99% of 
a worldwide panel of 311 contemporary human 
mtDNAs, ignoring positions where a substitu- 
tion in the sequences from the Neandertal library 
could be due to cytosine deamination (45). For 
each sequencing library, the DNA fragments that 
cover these positions were then classified ac- 
cording to whether they appear to be of Neandertal 
or modem human origin (SOM Text 5 and table 
S15). For each bone, the level of mtDNA contam- 
ination is estimated to be below 0.5% (Table 1). 

Because prior to this study no fixed differ- 
ences between Neandertal and present-day 
humans in the nuclear genome were known, we 
used two alternative strategies to estimate levels 
of nuclear contamination. In the first strategy, we 
determined the sex of the bones. For bones de- 
rived from female Neandertals, we then estimated 
modern human male DNA contamination by 
looking for the presence of Y chromosomal DNA 
fragments (SOM Text 6). For this purpose, we 
identified 111,132 nucleotides in the nonrecombin- 
ing parts of the human reference Y chromosome 
that are located in contiguous DNA segments of at 
least 500 nucleotides, carry no repetitive elements, 
and contain no 30-nucleotide oligomer elsewhere 
in the genome with fewer than three mismatches. 
Between 482 and 611 such fragments would be 
expected for a male Neandertal bone. However, 
only 0 to 4 fragments are observed (Table 1). We 
conclude that the three bones are all from female 
Neandertals and that previous suggestions that 
Vi33.16 was a male (40, 42) were due to mismap- 
ping of autosomal and X chromosomal reads to the 
Y chromosome. We estimate the extent of DNA 
contamination from modern human males in the 
combined data to be about 0.60%, with an upper 
95% bound of 1.53%. 

In the second strategy, we take advantage of 
the fact that sites where present-day humans carry 
a high frequency of a derived allele (i.e., not seen 
in chimpanzee) while Neandertals carry a high 
frequency of the ancestral allele (i.e., matching the 


chimpanzee) provide information about the ex- 
tent of contamination. To implement this idea, we 
identified sites where five present-day humans 
that we sequenced (see below) all differ from the 
chimpanzee genome by a transversion. We further 
restricted the analysis to sites covered by two 
fragments in one Neandertal and one fragment in 
another Neandertal and where at least one an- 
cestral allele was seen in both individuals. The 
additional fragment from the first Neandertal then 
provides an estimate of contamination in combi- 
nation with heterozygosity at this class of sites 
(Table 1). Using these data (SOM Text 7), we de- 
rive a maximum likelihood estimate of contami- 
nation of 0.7% with an upper 95% bound of 0.8%. 

In summary, all three measurements of human 
mtDNA contamination produce estimates of less 
than 1% contamination. Thus, the vast majority of 
these data represent bona fide Neandertal DNA 
sequences. 

Average DNA divergence between Neandertals 
and humans. To estimate the DNA sequence 
divergence per base pair between the genomes 
of Neandertals and the reference human genome 
sequence, we generated three-way alignments 
between the Neandertal, human, and chimpan- 
zee genomes, filtering out genomic regions that 
may be duplicated in either humans or chimpan- 
zees (SOM Text 10) and using an inferred genome 
sequence of the common ancestor of humans and 
chimpanzees as a reference (5/) to avoid potential 
biases (39). We then counted the number of sub- 
stitutions specific to the Neandertal, the human, 
and the chimpanzee genomes (Fig. 2). The overall 
number of substitutions unique to the Neandertal 
genome is about 30 times as high as on the human 
lineage. Because these are largely due to transitions 
resulting from deamination of cytosine residues in 
the Neandertal DNA, we restricted the divergence 
estimates to transversions. We then observed four 
to six times as many on the Neandertal as on 
the human lineage, probably due to sequencing 
errors in the low-coverage Neandertal DNA se- 
quences. The numbers of transversions on the 
human lineage, as well as those on the lineage from 
the Neandertal-human ancestor to the chimpan- 
zee, were used to estimate the average divergence 
between DNA sequences in Neandertals and 
present-day humans, as a fraction of the lineage 
from the human reference genome to the common 


Table 1. Estimates of human DNA contamination in the DNA sequences produced. Numbers in bold indicate summary contamination estimates over all 


Vindija data. 
mtDNA Y chromosomal peaiiena! Nuclear ML 
cee ae diversity (1/2) ae 
contamination contamination gota: contamination 
plus contamination* 
Percent 
Human Neandertal Percent 95% C.l. Observed Expected Percent 95% C.l. Percent Upper 95% C.l. (95% C.l.) 
0 L.I.. 
Vi33.16 56 20,456 0.27 0.21—-0.35 4 255 1.57 0.43-3.97 1.4 2.2 n/a 
Vi33.25 7 1,691 0.41 0.17—0.85 0 201 0.0 0.00—1.82 1.0 1.7 n/a 
Vi33.26 10 4,810 0.21 0.10-0.38 0 210 0.0 0.00—1.74 1.1 1.9 n/a 
All data 73 26,957 0.27 0.21—-0.34 4 666 0.60 0.16—-1.53 1.2 1.6 0.7 (0.6—0.8) 


*Assuming similar extents of contamination in the three bones and that individual heterozygosity and population nucleotide diversity is the same for this class of sites. 
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ancestor of Neandertals, humans, and chimpan- 
zees. For autosomes, this was 12.7% for each of 
the three bones analyzed. For the X chromosome, 
it was 11.9 to 12.4% (table S26). Assuming an 
average DNA divergence of 6.5 million years be- 
tween the human and chimpanzee genomes (52), 
this results in a point estimate for the average di- 
vergence of Neandertal and modern human auto- 
somal DNA sequences of 825,000 years. We 
caution that this is only a rough estimate because 
of the uncertainty about the time of divergence of 
humans and chimpanzees. 

Additional Neandertal individuals. To put the 
divergence of the Neandertal genome sequences 
from Vindija Cave into perspective with regard 
to other Neandertals, we generated a much smaller 
amount of DNA sequence data from three Ne- 
andertal bones from three additional sites (SOM 
Text 8) that cover much of the geographical range 
of late Neandertals (Fig. 1B): El Sidron in Asturias, 
Spain, dated to ~49,000 years B.P. (53); Feldhofer 
Cave in the Neander Valley, Germany, from which 
we sequenced the type specimen found in 1856 
dated to ~42,000 years B.P. (54); and Mezmaiskaya 
Cave in the Caucasus, Russia, dated to 60,000 to 
70,000 years B.P. (55). DNA divergences esti- 
mated for each of these specimens to the human 
reference genome (table S26) show that none of 
them differ significantly from the Vindia individ- 
uals, although these estimates are relatively uncer- 
tain due to the limited amount of DNA sequence 


data. It is noteworthy that the Mezmaiskaya spec- 
imen, which is 20,000 to 30,000 years older than 
the other Neandertals analyzed and comes from 
the easternmost location, does not differ in diver- 
gence from the other individuals. Thus, within the 
resolution of our current data, Neandertals from 
across a great part of their range in western Eurasia 
are equally related to present-day humans. 

Five present-day human genomes. To put the 
divergence of the Neandertal genomes into per- 
spective with regard to present-day humans, we 
sequenced the genomes of one San from Southern 
Africa, one Yoruba from West Africa, one Papua 
New Guinean, one Han Chinese, and one French 
from Western Europe to 4- to 6-fold coverage on 
the Illumina GAII platform (SOM Text 9). These 
sequences were aligned to the chimpanzee and 
human reference genomes and analyzed using a 
similar approach to that used for the Neandertal 
data. Autosomal DNA sequences of these indi- 
viduals diverged 8.2 to 10.3% back along the 
lineage leading to the human reference genome, 
considerably less than the 12.7% seen in Nean- 
dertals (SOM Text 10). We note that the diver- 
gence estimate for the Yoruba individual to the 
human genome sequence is ~14% greater than 
previous estimates for an African American in- 
dividual (56) and similarly greater than the 
heterozygosity measured in another Yoruba in- 
dividual (33). This may be due to differences in 
the alignment and filtering procedures between 
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Fig. 2. Nucleotide substitutions inferred to have occurred on the evolutionary lineages leading to the 
Neandertals, the human, and the chimpanzee genomes. In red are substitutions on the Neandertal lineage, 
in yellow the human lineage, and in pink the combined lineage from the common ancestor of these to the 
chimpanzee. For each lineage and each bone from Vindija, the distributions and numbers of substitutions are 
shown. The excess of C to T and G to A substitutions are due to deamination of cytosine residues in the 
Neandertal DNA. 
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this and previous studies (SOM Text 9 and 10). 
Nevertheless, the divergence of the Neandertal 
genome to the human reference genome is greater 
than for any of the present-day human genomes 
analyzed. 

Distributions of DNA divergences to humans. 
To explore the variation of DNA sequence 
divergence across the genome, we analyzed the 
divergence of the Neandertals and the five humans 
to the reference human genome in 100 kilobase 
windows for which at least 50 informative trans- 
versions were observed. The majority of the Ne- 
andertal divergences overlap with those of the 
humans (Fig. 3), reflecting the fact that Nean- 
dertals fall inside the variation of present-day hu- 
mans. However, the overall divergence is greater 
for the three Neandertal genomes. For example, 
their modes are around divergences of ~11%, 
whereas for the San the mode is ~9% and for the 
other present-day humans ~8%. For the Nean- 
dertals, 13% of windows have a divergence above 
20%, whereas this is the case for 2.5% to 3.7% of 
windows in the current humans. 

Furthermore, whereas in the French, Han, and 
Papuan individuals, 9.8%, 7.8%, and 5.9% of 
windows, respectively, show between 0% and 
2% divergence to the human reference genome, 
in the San and the Yoruba this is the case for 1.7% 
and 3.7%, respectively. For the three Neandertals, 
2.2 to 2.5% of windows show 0% to 2% diver- 
gence to the reference genome. 

A catalog of features unique to the human 
genome. The Neandertal genome sequences al- 
low us to identify features unique to present-day 
humans relative to other, now extinct, hominins. 
Of special interest are features that may have 
functional consequences. We thus identified, from 
whole genome alignments, sites where the human 
genome reference sequence does not match chim- 
panzee, orangutan, and rhesus macaque. These 
are likely to have changed on the human lineage 
since the common ancestor with chimpanzee. 
Where Neandertal fragments overlapped, we 
constructed consensus sequences and joined them 
into “‘minicontigs,” which were used to determine 
the Neandertal state at the positions that changed 
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Fig. 3. Divergence of Neandertal and human ge- 

nomes. Distributions of divergence from the human 

genome reference sequence among segments of 

100 kb are shown for three Neandertals and the five 
present-day humans. 
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Table 2. Amino acid changes that are fixed in present-day humans but ancestral 100) and 32 conservative (1 to 50). One substitution creates a stop codon. Genes 
in Neandertals. The table is sorted by Grantham scores (GS). Based on the — showing multiple substitutions have bold SwissProt identifiers. (Table $15 shows 
classification proposed by Li et al. in (87), 5 amino acid substitutions are radical — the human and chimpanzee genome coordinates, additional database identifiers, 
(>150), 7 moderately radical (101 to 150), 33 moderately conservative (51 to —_ and the respective bases.) Genes with two fixed amino acids are indicated in bold. 


ID 


RPTN 
GREB1 
OR1K1 
SPAG17 
NLRX1 
NSUN3 
RGS16 
BOD1L 
CF170 
STEA1 
F16A2 
LTK 
BEND2 
O52W1 
CAN15 
SCAP 
TIF1 
OR5K4 
SCML1 
TTL10 
AFF3 
EYA2 
NOP14 
PRDM10 
BTLA 
O2AT4 
CAN15 
ACCN4 
PUR8 
MCHR2 
AHR 
FAAH1 
SPAG17 
ZF106 
CAD16 
K1C16 
LIMS2 
ZN502 
MEPE 
FSTL4 
SNTG1 
RPTN 
BCLOL 
SSH2 
PEG3 
DjJC28 
CLTR2 
KIF15 
SPOC1 
TIF1 
F166A 
CLO66 
PCD16 
TRPM5 
S36A4 
GP132 
ZFY26 


Pos 


785 
1164 
267 
431 
330 
78 
197 
2684 
505 
336 
630 
569 
261 
51 
427 
140 
474 
175 
202 
394 
516 
131 
493 
1129 
197 
224 
356 
160 
429 
324 
381 
476 
1415 
697 
342 
306 
360 
184 
391 
791 
241 
735 
543 
1033 
1521 
290 
50 
827 
355 
229 
134 
426 
763 
1088 
330 
328 
237 


Description/function 


Multifunctional epidermal matrix protein 

Response gene in estrogen receptor—regulated pathway 

Olfactory receptor, family 1, subfamily K, member 1 

Involved in structural integrity of sperm central apparatus axoneme 
Modulator of innate immune response 

Protein with potential SAM-dependent methyl-transferase activity 

Retinally abundant regulator of G-protein signaling 

Biorientation of chromosomes in cell division 1-like 

Uncharacterized protein: C6orf170 

Metalloreductase, six transmembrane epithelial antigen of prostate 1 
Uncharacterized protein: family with sequence similarity 160, member A2 
Leukocyte receptor tyrosine kinase 

Uncharacterized protein: BEN domain-containing protein 2 

Olfactory receptor, family 52, subfamily W, member 1 

Small optic lobes homolog, linked to visual system development 

Escort protein required for cholesterol as well as lipid homeostasis 

RNA polymerase | termination factor 

Olfactory receptor, family 5, subfamily K, member 4 

Putative polycomb group (PcG) protein 

Probable tubulin polyglutamylase, forming polyglutamate side chains on tubulin 
Putative transcription activator, function in lymphoid development/oncogenesis 
Tyrosine phosphatase, dephosphorylating “Tyr-142” of histone H2AX 
Involved in nucleolar processing of pre-18S ribosomal RNA 

PR domain containing 10, may be involved in transcriptional regulation 

B and T lymphocyte attenuator 

Olfactory receptor, family 2, subfamily AT, member 4 

Small optic lobes homolog, linked to visual system development 
Amiloride-sensitive cation channel 4, expressed in pituitary gland 
Adenylsuccinate lyase (purine synthesis) 

Receptor for melanin-concentrating hormone, coupled to G proteins 
Aromatic hydrocarbon receptor, a ligand-activated transcriptional activator 
Fatty acid amide hydrolase 

Involved in structural integrity of sperm central apparatus axoneme 

Zinc finger protein 106 homolog / SH3-domain binding protein 3 
Calcium-dependent, membrane-associated glycoprotein (cellular recognition) 
Keratin, type | cytoskeletal 16 (expressed in esophagus, tongue, hair follicles) 
Focal adhesion protein, modulates cell spreading and migration 

Zinc finger protein 502, may be involved in transcriptional regulation 
Matrix extracellular phosphoglycoprotein, putative role in mineralization 
Follistatin-related protein 4 precursor 

Syntrophin, gamma 1; binding/organizing subcellular localization of proteins 
Multifunctional epidermal matrix protein 

Nuclear cofactor of beta-catenin signaling, role in tumorigenesis 

Protein phosphatase regulating actin filament dynamics 

Apoptosis induction in cooperation with SIAH1A 

Dna] (Hsp40) homolog, may have role in protein folding or as a chaperone 
Receptor for cysteinyl leukotrienes, role in endocrine and cardiovascular systems 
Putative kinesin-like motor enzyme involved in mitotic spindle assembly 
Uncharacterized protein: SPOC domain containing 1 

RNA polymerase | termination factor 

Uncharacterized protein: family with sequence similarity 166, member A 
Uncharacterized protein: chromosome 12 open reading frame 66 
Calcium-dependent cell-adhesion protein, fibroblasts expression 
Voltage-modulated cation channel (VCAM), central role in taste transduction 
Solute carrier family 36 (proton/amino acid symporter) 

High-affinity G-protein couple receptor for lysophosphatidylcholine (LPC) 
Zinc finger FYVE domain-containing, associated with spastic paraplegia-15 
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ID Pos AA GS Description/function 

CALD1 671 IN 29 Actin- and myosin-binding protein, regulation of smooth muscle contraction 
CDCA2 606 IN 29 Regulator of chromosome structure during mitosis 

GPAA1 275 E/Q 29 Glycosylphosphatidylinositol anchor attachment protein 

ARSF 200 INV 29 Arylsulfatase F precursor, relevant for composition of bone and cartilage matrix 
OR4D9 303 R/K 26 Olfactory receptor, family 4, subfamily D, member 9 

EMIL2 155 R/K 26 Elastin microfibril interface-located protein (smooth muscle anchoring) 
PHLP 216 K/R 26 Putative modulator of heterotrimeric G proteins 

TKTL1 317 R/K 26 Transketolase-related protein 

MIIP 280 H/Q 24 Inhibits glioma cells invasion, down-regulates adhesion and motility genes 
SPTA1 265 N/D 23 Constituent of cytoskeletal network of the erythrocyte plasma membrane 
PCD16 777 D/N 23 Calcium-dependent cell-adhesion protein, fibroblasts expression 

cS028 326 L/F 22 Uncharacterized protein: chromosome 19 open reading frame 28 

PIGZ 425 L/F 22 Mannosyltransferase for glycosylphosphatidylinositol-anchor biosynthesis 
DISP1 1079 V/M 21 Segment-polarity gene required for normal Hedgehog (Hh) signaling 
RNAS7 44 MV 21 Protein with RNase activity for broad-spectrum of pathogenic microorganisms 
KR241 205 V/M 21 Keratin-associated protein, formation of a rigid and resistant hair shaft 
SPLC3 108 /M 10 Short palate, lung, and nasal epithelium carcinoma-associated protein 
NCOA6 823 /M 10 Hormone-dependent coactivation of several receptors 

wwc2 479 M/I 10 Uncharacterized protein: WW, C2, and coiled-coil domain containing 2 
ASCC1 301 E/D 0 Enhancer of NF-kappa-B, SRF, and AP1 transactivation 

PROM2 458 D/E 0 Plasma membrane protrusion in epithelial and nonepithelial cells 


on the human lineage. To minimize alignment 
errors and substitutions, we disregarded all sub- 
stitutions and insertions or deletions (indels) with- 
in 5 nucleotides of the ends of minicontigs or 
within 5 nucleotides of indels. 

Among 10,535,445 substitutions and 479,863 
indels inferred to have occurred on the human 
lineage, we have information in the Neandertal 
genome for 3,202,190 and 69,029, i.e., 30% and 
14%, respectively. The final catalog thus repre- 
sents those sequenced positions where we have 
high confidence in their Neandertal state (SOM 
Text 11). As expected, the vast majority of those 
substitutions and indels (87.9% and 87.3%, 
respectively) occurred before the Neandertal 
divergence from modern humans. 

Features that occur in all present-day humans 
(i.e., have been fixed), although they were absent 
or variable in Neandertals, are of special interest. 
We found 78 nucleotide substitutions that change 
the protein-coding capacity of genes where modern 
humans are fixed for a derived state and where 
Neandertals carry the ancestral (chimpanzee-like) 
state (Table 2 and table S28). Thus, relatively few 
amino acid changes have become fixed in the last 
few hundred thousand years of human evolution; 
an observation consistent with a complementary 
study (57). We found only five genes with more 
than one fixed substitution changing the primary 
structure of the encoded proteins. One of these is 
SPAG17, which encodes a protein important for the 
axoneme, a structure responsible for the beating of 
the sperm flagellum (58). The second is PCD16, 
which encodes fibroblast cadherin-1, a calcium- 
dependent cell-cell adhesion molecule that may be 
involved in wound healing (59). The third is 7TF7, 
a transcription termination factor that regulates 
ribosomal gene transcription (60). The fourth is 
CANIS, which encodes a protein of unknown 
function. The fifth is RPTN, which encodes repetin, 


an extracellular epidermal matrix protein (6/) that is 
expressed in the epidermis and at high levels in 
eccrine sweat glands, the inner sheaths of hair roots, 
and the filiform papilli of the tongue. 

One of the substitutions in RPTN creates a stop 
codon that causes the human protein to contain 784 
rather than 892 amino acids (SOM Text 11). We 
identified no fixed start codon differences, although 
the start codon in the gene TRPM1 that is present in 
Neandertals and chimpanzees has been lost in 
some present-day humans. TRPM/ encodes mela- 
statin, an ion channel important for maintaining 
melanocyte pigmentation in the skin. It is intriguing 
that skin-expressed genes comprise three out of six 
genes that either carry multiple fixed substitutions 
changing amino acids or in which a start or stop 
codon has been lost or gained. This suggests that 
selection on skin morphology and physiology may 
have changed on the hominin lineage. 

We also identified a number of potential reg- 
ulatory substitutions that are fixed in present-day 
humans but not Neandertals. Specifically, we find 
42 substitutions and three indels in 5’-untranslated 
regions, and 190 substitutions and 33 indels in 3’- 
untranslated regions that have become fixed in 
humans since they diverged from Neandertals. Of 
special interest are microRNAs (miRNAs), small 
RNAs that regulate gene expression by mRNA 
cleavage or repression of translation. We found 
one miRNA where humans carry a fixed substitu- 
tion at a position that was ancestral in Neandertals 
(hsa-mir-1304) and one case of a fixed single nu- 
cleotide insertion where Neandertal is ancestral 
(AC109351.3). While the latter insertion is in a 
bulge in the inferred secondary structure of the 
miRNA that is unlikely to affect folding or putative 
targets, the substitution in mir-1304 occurs in the 
seed region, suggesting that it is likely to have al- 
tered target specificity in modern humans relative 
to Neandertals and other apes (fig. S16). 


Human accelerated regions (HARs) are de- 
fined as regions of the genome that are conserved 
throughout vertebrate evolution but that changed 
radically since humans and chimpanzees split from 
their common ancestor. We examined 2613 HARs 
(SOM Text 11) and obtained reliable Neandertal 
sequence for 3259 human-specific changes in 
HARs. The Neandertals carry the derived state at 
91.4% of these, significantly more than for other 
human-specific substitutions and indels (87.9%). 
Thus, changes in the HARs tend to predate the 
split between Neandertals and modem humans. 
However, we also identified 51 positions in 45 
HARs where Neandertals carry the ancestral 
version whereas all known present-day humans 
carry the derived version. These represent recent 
changes that may be particularly interesting to 
explore functionally. 

Neandertal segmental duplications. We ana- 
lyzed Neandertal segmental duplications by mea- 
suring excess read-depth to identify and predict 
the copy number of duplicated sequences, defined 
as those with >95% sequence identity (62). A total 
of 94 Mb of segmental duplications were pre- 
dicted in the Neandertal genome (table S33), 
which is in close agreement with what has been 
found in present-day humans (62) (fig. S18). We 
identified 111 potentially Neandertal-specific seg- 
mental duplications (average size 22,321 bp and 
total length 1862 kb) that did not overlap with 
human segmental duplications (fig. S20). Although 
direct experimental validation is not possible, we 
note that 81% (90/111) of these regions also 
showed excess sequence diversity (>3 SD beyond 
the mean) consistent with their being bona fide 
duplications (fig. S21). Many of these regions also 
show some evidence of increased copy number 
in humans, although they have not been pre- 
viously classified as duplications (fig. S22). We 
identified only three putative Neandertal-specific 
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duplications with no evidence of duplication 
among humans or any other primate (fig. S23), 
and none contained known genes. 

A comparison to any single present-day 
human genome reveals that 89% of the detected 
duplications are shared with Neandertals. This is 
lower than the proportion seen between present- 
day humans (around 95%) but higher than what 
is observed when the Neandertals are compared 
with the chimpanzee (67%) (fig. S19). 

Because the Neandertal data set is derived from 
a pool of three individuals and represents an aver- 
age sequence coverage of 1.3-fold after filtering, we 
created two resampled sets from three human 
genomes (SOM Text 12) at a comparable level 
of mixture and coverage (table $34 and figs. S24 
and S25). The analysis of both resampled sets 
show a nonsignificant trend toward more dupli- 
cated sequences among Neandertals than among 
present-day humans (88,869 kb, N = 1129 re- 
gions for present-day humans versus 94,419 kb, 
N= 1194 for the Neandertals) (fig. S25). 

We also estimated the copy number for 
Neandertal genes and compared it with those from 


A 


Han- Han- 
Neandertals French chinese PNG Yoruba San Neandertals French chinese PNG Yoruba San 


three previously analyzed human genomes (SOM 
Text 12). Copy number was correlated between 
the two groups (77 = 0.91) (fig. $29), with only 43 
genes (15 nonredundant genes >10 kb) showing a 
difference of more than five copies (tables S35 and 
S36). Of these genes, 67% (29/43) are increased in 
Neandertals compared with present-day humans, 
and most of these are genes of unknown function. 
One of the most extreme examples is the gene 
PRR20 (NM_ 198441), for which we predicted 68 
copies in Neandertals, 16 in humans, and 58 in the 
chimpanzee. It encodes a hypothetical proline-rich 
protein of unknown function. Other genes with pre- 
dicted higher copy number in humans as opposed. 
to Neandertals included NBPF14 (DUF1220), 
DUX4 (NM_ 172239), REXOILI (NM_033178), 
and TBCID3 (NM_001123391). 

Ascreen for positive selection in early modern 
humans. Neandertals fall within the variation of 
present-day humans for many regions of the 
genome; that is, Neandertals often share derived 
single-nucleotide polymorphism (SNP) alleles 
with present-day humans. We devised an approach 
to detect positive selection in early modern humans 


that takes advantage of this fact by looking for 
genomic regions where present-day humans share 
acommon ancestor subsequent to their divergence 
from Neandertals, and Neandertals therefore lack 
derived alleles found in present-day humans 
(except in rare cases of parallel substitutions) 
(Fig. 4A). Gene flow between Neandertals and 
modern humans after their initial population sep- 
aration might obscure some cases of positive se- 
lection by causing Neandertals and present-day 
humans to share derived alleles, but it will not 
cause false-positive signals. 

We identified SNPs as positions that vary 
among the five present-day human genomes of 
diverse ancestry plus the human reference genome 
and used the chimpanzee genome to determine the 
ancestral state (SOM Text 13). We ignored SNPs 
at CpG sites since these evolve rapidly and may 
thus be affected by parallel mutations. We iden- 
tified 5,615,438 such SNPs, at about 10% of 
which Neandertals carry the derived allele. As 
expected, SNPs with higher frequencies of the 
derived allele in present-day humans were more 
likely to show the derived allele in Neandertals 
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Fig. 4. Selective sweep screen. (A) Schematic illustration of 
the rationale for the selective sweep screen. For many 
regions of the genome, the variation within current humans 
is old enough to include Neandertals (left). Thus, for SNPs 
in present-day humans, Neandertals often carry the derived 
allele (blue). However, in genomic regions where an 
advantageous mutation arises (right, red star) and sweeps 
to high frequency or fixation in present-day humans, 
Neandertals will be devoid of derived alleles. (B) Candidate 
regions of selective sweeps. All 4235 regions of at least 
25 kb where S (see SOM Text 13) falls below two standard 
deviations of the mean are plotted by their S and genetic 
width. Regions on the autosomes are shown in orange and 
those on the X chromosome in blue. The top 5% by S are 
shadowed in light blue. (C) The top candidate region from 
the selective sweep screen contains two genes, ZFP36L2 and 
THADA. The red line shows the log-ratio of the number of 
observed Neandertal-derived alleles versus the number of 
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(fig. S31A). We took advantage of this fact to 
calculate (fig. S31C) the expected number of 
Neandertal-derived alleles within a given region of 
the human genome. The observed numbers of de- 
rived alleles were then compared with the expected 
numbers to identify regions where the Neandertal 
carries fewer derived alleles than expected relative 
to the human allelic states. A unique feature of this 
method is that it has more power to detect older 
selective sweeps where allele frequency spectra in 
present-day humans have recovered to the point 
that appreciable derived allele frequencies are ob- 
served, whereas it has relatively low power to 
detect recent selective sweeps where the derived 
alleles are at low frequencies in present-day 
humans. It is therefore particularly suited to detect 
positive selection that occurred early during the 
history of modern human ancestors in conjunction 
with, or shortly after, their population divergence 
from Neandertals (Fig. 4A). 

We identified a total of 212 regions contain- 
ing putative selective sweeps (Fig. 4B and SOM 
Text 13). The region with the strongest statistical 
signal contained a stretch of 293 consecutive 
SNP positions in the first half of the gene AUTS2 
where only ancestral alleles are observed in the 
Neandertals (fig. $34). 

We ranked the 212 regions with respect to 
their genetic width in centimorgans (Fig. 4B, and 
table S37) because the size of a region affected by 
a selective sweep will be larger the fewer genera- 
tions it took for the sweep to reach fixation, as 
fewer recombination events will then have oc- 
curred during the sweep. Thus, the more intense 
the selection that drove a putative sweep, the larger 
the affected region is expected to be. Table 3 lists 
the 20 widest regions and the genes encoded in 
them. Five of the regions contain no protein-coding 


genes. These may thus contain structural or reg- 
ulatory genomic features under positive selection 
during early human history. The remaining 15 
regions contain between one and 12 genes. The 
widest region is located on chromosome 2 and 
contains the gene THADA, where a region of 336 
kb is depleted of derived alleles in Neandertals. 
SNPs in the vicinity of THADA have been asso- 
ciated with type II diabetes, and THADA expres- 
sion differs between individuals with diabetes 
and healthy controls (63). Changes in THADA may 
thus have affected aspects of energy metabolism in 
early modern humans. The largest deficit of 
derived alleles in Neandertal THADA is in a region 
where the Neandertals carry ancestral alleles at 186 
consecutive human SNP positions (Fig. 4C). In 
this region, we identified a DNA sequence element 
of ~700 bp that is conserved from mouse to pri- 
mates, whereas the human reference genome as 
well as the four humans for which data are avail- 
able carry an insertion of 9 bp that is not seen in the 
Neandertals. We note, however, that this insertion 
is polymorphic in humans, as it is in dbSNP. 
Mutations in several genes in Table 3 have 
been associated with diseases affecting cognitive 
capacities. DYRK/A, which lies in the Down syn- 
drome critical region, is thought to underlie some 
of the cognitive impairment associated with having 
three copies of chromsome 21 (64). Mutations in 
NRG3 have been associated with schizophrenia, a 
condition that has been suggested to affect human- 
specific cognitive traits (65, 66). Mutations in 
CADPS2 have been implicated in autism (67), as 
have mutations in AUTS2 (68). Autism is a de- 
velopmental disorder of brain function in which 
social interactions, communication, activity, and 
interest patterns are affected, as well as cognitive 
aspects crucial for human sociality and culture 


Table 3. Top 20 candidate selective sweep regions. 
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(69). It may thus be that multiple genes involved 
in cognitive development were positively selected 
during the early history of modern humans. 

One gene of interest may be RUNX2 (CBFA1). 
It is the only gene in the genome known to cause 
cleidocranial dysplasia, which is characterized by 
delayed closure of cranial sutures, hypoplastic 
or aplastic clavicles, a bell-shaped rib cage, and 
dental abnormalities (70). Some of these features 
affect morphological traits for which modem 
humans differ from Neandertals as well as other 
earlier hominins. For example, the cranial malfor- 
mations seen in cleidocranial dysplasia include 
frontal bossing, i.e., a protruding frontal bone. A 
more prominent frontal bone is a feature that differs 
between modern humans and Neandertals as well 
as other archaic hominins. The clavicle, which is 
affected in cleidocranial dysplasia, differs in mor- 
phology between modern humans and Neandertals 
(71) and is associated with a different architecture 
of the shoulder joint. Finally, a bell-shaped rib 
cage is typical of Neandertals and other archaic 
hominins. A reasonable hypothesis is thus that an 
evolutionary change in RUNX2 was of impor- 
tance in the origin of modern humans and that 
this change affected aspects of the morphology of 
the upper body and cranium. 

Population divergence of Neandertals and 
modern humans. A long-standing question is 
when the ancestral populations of Neandertals and 
modern humans diverged. Population divergence, 
defined as the time point when two populations 
last exchanged genes, is more recent than the 
DNA sequence divergence because the latter is 
the sum of the time to population divergence plus 
the average time to the common ancestors of 
DNA sequences within the ancestral population. 
The divergence time of two populations can be 
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Region (hg18) S Width (cM) Gene(s) 

chr2:43265008-43601389 -6.04 0.5726 ZFP36L2;THADA 

chr11:95533088-95867597 -4.78 0.5538 JRKL;CCDC82;MAML2 

chr10:62343313-62655667 -6.1 0.5167 RHOBTB1 

chr21:37580123-37789088 45 0.4977 DYRK1A 

chr10:83336607-83714543 -6.13 0.4654 NRG3 

chr14:100248177-100417724 -4.84 0.4533 MIR337;MIR665;DLK1;RTL1;MIR431;MIR493;MEG3;MIR770 

chr3:157244328-157597592 -6 0.425 KCNAB1 

chr11:30601000-30992792 “5.29 0.3951 

chr2:176635412-176978762 -5.86 0.3481 HOXD11;HOXD8;EVX2;MTX2;HOXD1;HOXD10;HOXD13; 
HOXD4;HOXD12;HOXD9;MIR10B;HOXD3 

chr11:71572763-71914957 -5.28 0.3402 CLPB;FOLR1;PHOX2A;FOLR2;INPPL1 

chr7:41537742-41838097 -6.62 0.3129 INHBA 

chr10:60015775-60262822 -4.66 0.3129 BICC1 

chr6:45440283-45705503 -4.74 0.3112 RUNX2;SUPT3H 

chr1:149553200-149878507 -5.69 0.3047 SELENBP1;POGZ;MIR554;RFX5;SNX27;CGN;TUFT1;PI4KB; 
PSMB4 

chr7:121763417-122282663 -6.35 0.2855 RNF148;RNF133;CADPS2 

chr7:93597127-93823574 -5.49 0.2769 

chr16:62369107-62675247 -5.18 0.2728 

chr14:48931401-49095338 -4.53 0.2582 

chr6:90762790-90903925 -4.43 0.2502 BACH2 

chr10:9650088-9786954 -4.56 0.2475 
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inferred from the frequency with which derived 
alleles of SNPs discovered in one population are 
seen in the other population. The reason for this is 
that the older the population divergence, the more 
likely it is that derived alleles discovered in one 
population are due to novel mutations in that 
population. We compared transversion SNPs 
identified in a Yoruba individual (33) to other 
humans and used the chimpanzee and orangutan 
genomes to identify the ancestral alleles. We 
found that the proportion of derived alleles is 
30.6% in the Yoruba, 29.8% in the Han Chinese, 
29.7% in the French, 29.3% in the Papuan, 
26.3% in the San, and 18.0% in Neandertals. We 
used four models of Yoruba demographic history 
to translate derived allele fractions to population 
divergence (SOM Text 14). All provided similar 
estimates. Assuming that human-chimpanzee 
average DNA sequence divergence was 5.6 to 
8.3 million years ago, this suggests that Nean- 
dertals and present-day human populations 
separated between 270,000 and 440,000 years 
ago (SOM Text 14), a date that is compatible 
with some interpretations of the paleontological 
and archaeological record (2, 72). 

Neandertals are closer to non-Africans than 
to Africans. To test whether Neandertals are more 
closely related to some present-day humans than 
to others, we identified SNPs by comparing one 
randomly chosen sequence from each of two 
present-day humans and asking if the Neandertals 
match the alleles of the two individuals equally 
often. If gene flow between Neandertals and mod- 
ern humans ceased before differentiation between 
present-day human populations began, this is ex- 
pected to be the case no matter which present-day 
humans are compared. The prediction of this null 
hypothesis of no gene flow holds regardless of 
population expansions, bottlenecks, or substruc- 
ture that might have occurred in modern human 
history (SOM Text 15). The reason for this is that 
when single chromosomes are analyzed in the 
two present-day populations, differences in demo- 
graphic histories in the two populations will not 
affect the results even if they may profoundly 
influence allele frequencies. Under the alternative 
model of later gene flow between Neandertals 
and moder humans, we expect Neandertals to 
match alleles in individuals from some parts of 
the world more often than the others. 

We restricted this analysis to biallelic SNPs 
where two present-day humans carry different 
alleles and where the Neandertals carried the 
derived allele, i.e., not matching chimpanzee. We 
measured the difference in the percent matching 
by a statistic D(H), H>, Neandertal, chimpanzee) 
(SOM Text 15) that does not differ significantly 
from zero when the derived alleles in the Ne- 
andertal match alleles in the two humans equally 
often. If D is positive, Neandertal alleles match 
alleles in the second human (H>) more often, 
while if D is negative, Neandertal alleles match 
alleles in the first human (77) more often. We per- 
formed this test using eight present-day humans: 
two European Americans (CEU), two East Asians 


(ASN), and four West Africans (YRD), for whom 
sequences have been generated with Sanger 
technology, with reads of ~750 bp that we mapped 
along with the Neandertal reads to the chim- 
panzee genome. We find that the Neandertals 
are equally close to Europeans and East Asians: 
D(ASN, CEU, Neandertal, chimpanzee) =—0.53 + 
0.46% (<1.2 SD from 0% or P = 0.25). How- 
ever, the Neandertals are significantly closer to 
non-A fricans than to Africans: D(YRI, CEU, Ne- 
andertal, chimpanzee) = 4.57 + 0.39% and D(YRI, 
ASN, Neandertal, chimpanzee) = 4.81 + 0.39% 
(both >11 SD from 0% or P<< 10 |”) (table $51). 

The greater genetic proximity of Neandertals 
to Europeans and Asians than to Africans is seen 
no matter how we subdivide the data: (i) by 
individual pairs of humans (Table 4), (ii) by 
chromosome, (iii) by substitutions that are tran- 
sitions or transversions, (iv) by hypermutable CpG 
versus all other sites, (v) by Neandertal sequences 
shorter or longer than 50 bp, and (vi) by 454 or 
Illumina data. It is also seen when we restrict the 
analysis to A/T and C/G substitutions, showing 
that our observations are unlikely to be due to 
biased allele calling or biased gene conversion 
(SOM Text 15). 

A potential artifact that might explain these 
observations is contamination of the Neander- 
tal sequences with non-African DNA. However, 
the magnitude of contamination necessary to 
explain the CEU-YRI and ASN-YRI comparisons 
are both over 10% and thus inconsistent with our 
estimates of contamination in the Neandertal data, 
which are all below 1% (Table 1). In addition to 
the low estimates of contamination, there are two 
reasons that contamination cannot explain our 
results. First, when we analyze the three Neandertal 
bones Vi33.16, Vi33.25, and Vi33.26 separately, 
we obtain consistent values of the D statistics, 
which is unlikely to arise under the hypothesis of 
contamination because each specimen was indi- 
vidually handled and was thus unlikely to have 
been affected by the same degree of contamination 
(SOM Text 15). Second, if European contami- 
nation explains the skews, the ratio D(H), A, 
Neandertal, chimpanzeeD(H;, H>, European, 
chimpanzee) should provide a direct estimate of 
the contamination proportion o., because the ratio 
measures how close the Neandertal data are to 
what would be expected from entirely European 
contamination. However, when we estimate o for 
all three population pairs, we obtain statistically 
inconsistent results: a = 13.9 + 1.1% for H,-H2 = 
CEU-YRI, o = 18.9 + 1.9% for ASN-YRI, and 
a =-3.9 + 5.1% for CEU-ASN. This indicates 
that the skews cannot be explained by a unifying 
hypothesis of European contamination. 

To analyze the relationship of the Neandertals 
to a more diverse set of modern humans, we 
repeated the analysis above using the genome 
sequences of the French, Han, Papuan, Yoruba, 
and San individuals that we generated (SOM 
Text 9). Strikingly, no comparison within Eurasia 
(Papuan-French-Han) or within Africa (Yoruba- 
San) shows significant skews in D (|Z] < 2 SD). 


However, all comparisons of non-Africans and 
Africans show that the Neandertal is closer to the 
non-A frican (D from 3.8% to 5.3%, |Z] > 7.0 SD) 
(Table 4). Thus, analyses of present-day humans 
consistently show that Neandertals share signifi- 
cantly more derived alleles with non-A fricans than 
with Africans, whereas they share equal amounts 
of derived alleles when compared either to individ- 
uals within Eurasia or to individuals within Africa. 

Direction of gene flow. A parsimonious ex- 
planation for these observations is that Nean- 
dertals exchanged genes with the ancestors of 
non-A fricans. To determine the direction of gene 
flow consistent with the data, we took advantage 
of the fact that non-Africans are more distantly 
related to San than to Yoruba (73—75) (Table 4). 
This is reflected in the fact that D(P San, OQ, 
chimpanzee) is 1.47 to 1.68 times greater than 
D(P. Yoruba, Q, chimpanzee), where P and Q are 
non-A fricans (SOM Text 15). Under the hypoth- 
esis of modern human to Neandertal gene flow, 
D(P, San, Neandertal, chimpanzee) should be 
greater than D(P. Yoruba, Neandertal, chimpan- 
zee) by the same amount, because the deviation 
of the D statistics is due to Neandertals inheriting 
a proportion of ancestry from a non-A frican-like 
population Q. Empirically, however, the ratio is 
significantly smaller (1.00 to 1.03, P << 0.0002) 
(SOM Text 15). Thus, all or almost all of the gene 
flow detected was from Neandertals into modem 
humans. 

Segments of Neandertal ancestry in non- 
African genomes. If Neandertal-to-modern hu- 
man gene flow occurred, we predict that we should 
find DNA segments with an unusually low diver- 
gence to Neandertal in present-day humans. Fur- 
thermore, we expect that such segments will tend 
to have an unusually high divergence to other 
present-day humans because they come from 
Neandertals. In the absence of gene flow, segments 
with low divergence to Neandertals are expected 
to arise due to other effects, for example, a low 
mutation rate in a genomic segment since the 
split from the chimpanzee lineage. However, this 
will cause present-day humans to tend to have 
low divergence from each other in such segments, 
i.e., the opposite effect from gene flow. The qual- 
itative distinction between these predictions allows 
us to detect a signal of gene flow. To search for 
segments with relatively few differences between 
Neandertals and present-day humans, we used hap- 
loid human DNA sequences, because in a diploid 
individual, both alleles would have to be derived 
from Neandertals to produce a strong signal. To 
obtain haploid human sequences, we took advan- 
tage of the fact that the human genome reference 
sequence is composed of a tiling path of bacterial 
artificial chromosomes (BACs), which each rep- 
resent single human haplotypes over scales of 
50 to 150 kb, and we focused on BACs from 
RPCI11, the individual that contributed about 
two-thirds of the reference sequence and that has 
been previously shown to be of about 50% Euro- 
pean and 50% African ancestry (SOM Text 16) 
(76). We then estimated the Neandertal to present- 
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day human divergence and found that in the ex- 
treme tail of low-divergence BACs there was a 
greater proportion of European segments than Af 
rican segments, consistent with the notion that 
some genomic segments (SOM Text 16) were ex- 
changed between Neandertals and non-A fricans. 

To determine whether these segments are 
unusual in their divergence to other present-day 
humans, we examined the divergence of each 
segment to the genome of Craig Venter (77). We 
find that present-day African segments with the 
lowest divergence to Neandertals have a diver- 
gence to Venter that is 35% of the genome-wide 
average and that their divergence to Venter in- 


Table 4. Neandertals are more closely related to present-day non- 
Africans than to Africans. For each pair of modern humans H, and Hz 
that we examined, we reported D (H,, Hz, Neandertal, Chimpanzee): the 
difference in the percentage matching of Neandertal to two humans at 
sites where Neandertal does not match chimpanzee, with +1 standard 


Population comparison 


creases monotonically with divergence to Nean- 
dertals, as would be expected if these segments 
were similar in Neandertals and present-day 
humans due to, for example, a low mutation 
rate in these segments (Fig. 5A). In contrast, the 
European segments with the lowest divergence to 
Neandertals have a divergence to Venter that is 
140% of the genome-wide average, which drops 
precipitously with increasing divergence to humans 
before rising again (Fig. 5A). This nonmonotonic 
behavior is significant at P < 10 ° and is unex- 
pected in the absence of gene flow from Nean- 
dertals into the ancestors of non-Africans. The 
reason for this is that other causes for a low di- 


consistent with 0%. 


Hy Ha 
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vergence to Neandertals, such as low mutation 
rates, contamination by modern non-A frican DNA, 
or gene flow into Neandertals, would produce 
monotonic behaviors. Among the segments with 
low divergence to Neandertals and high diver- 
gence to Venter, 94% of segments are of European 
ancestry (Fig. 5B), suggesting that segments of 
likely Neandertal ancestry in present-day humans 
can be identified with relatively high confidence. 
Non-Africans haplotypes match Neandertals 
unexpectedly often. An alternative approach to 
detect gene flow from Neandertals into modern 
humans is to focus on patterns of variation in 
present-day humans—blinded to information from 


error. Values that deviate significantly from 0% after correcting for 38 
hypotheses tested are highlighted in bold (IZl > 2.8 SD). Neandertal is 
skewed toward matching non-Africans more than Africans for all pairwise 
comparisons. Comparisons within Africans or within non-Africans are all 


°% Neandertal matching to H2 — 
% Neandertal matching to H, 
(+1 standard error) 


ABI3730 sequencing (~750 bp reads) used to discover H,-H> differences 


African to African 


African to Non-African 


Non-African to Non-African 


Illumina GAII sequencing (~76 bp reads) used to discover H,-H> differences 


African - African 
African to Non-African 


Non-African to Non-African 


NA18517 (Yoruba) 
NA18517 (Yoruba) 
NA18517 (Yoruba) 
NA18507 (Yoruba) 
NA18507 (Yoruba) 
NA19240 (Yoruba) 
NA18517 (Yoruba) 
NA18517 (Yoruba) 
NA18517 (Yoruba) 
NA18517 (Yoruba) 
NA18507 (Yoruba) 
NA18507 (Yoruba) 
NA18507 (Yoruba) 
NA18507 (Yoruba) 
NA19240 (Yoruba) 
NA19240 (Yoruba) 
NA19240 (Yoruba) 
NA19240 (Yoruba) 
NA19129 (Yoruba) 
NA19129 (Yoruba) 
NA19129 (Yoruba) 
NA19129 (Yoruba) 
NA12878 (European) 
NA12878 (European) 
NA12878 (European) 
NA12156 (European) 
NA12156 (European) 
NA18956 (Japanese) 


asa oo 


HGDP01029 (San) 
HGDP01029 (San) 
HGDP01029 (San) 
HGDP01029 (San) 
HGDP01029 (Yoruba) 
HGDP01029 (Yoruba) 
HGDP01029 (Yoruba) 
HGDP00521 (French) 
HGDP00521 (French) 
HGDP00542 (Papuan) 


NA18507 (Yoruba) 
NA19240 (Yoruba) 
NA19129 (Yoruba) 
NA19240 (Yoruba) 
NA19129 (Yoruba) 
NA19129 (Yoruba) 
NA12878 (European) 
NA12156 (European) 
NA18956 (Japanese) 
NA18555 (Chinese) 
NA12878 (European) 
NA12156 (European) 
NA18956 (Japanese) 
NA18555 (Chinese) 
NA12878 (European) 
NA12156 (European) 
NA18956 (Japanese) 
NA18555 (Chinese) 
NA12878 (European) 
NA12156 (European) 
NA18956 (Japanese) 
NA18555 (Chinese) 
NA12156 (European) 
NA18956 (Japanese) 
NA18555 (Chinese) 
NA18956 (Japanese) 
NA18555 (Chinese) 
NA18555 (Chinese) 


HGDP01029 (Yoruba) 
HGDP00521 (French) 
HGDP00542 (Papuan) 
HGDPO00778 (Han) 
HGDP00521 (French) 
HGDP00542 (Papuan) 
HGDPO00778 (Han) 
HGDP00542 (Papuan) 
HGDP00778 (Han) 
HGDP00778 (Han) 


-0.1 + 0.6 
15 +0.7 
-0.1 + 0.7 
-0.5 + 0.6 
0.0 + 0.5 
-0.6 + 0.7 
4.1 + 0.8 
5.1 + 0.7 
2.9 + 0.8 
3.9 + 0.7 
4.2 + 0.6 
5.5 + 0.6 
5.0 + 0.7 
5.8 + 0.6 
3.5 + 0.7 
3.1 + 0.7 
2.7 + 0.7 
5.4+0.9 
3.9 + 0.7 
4.9 + 0.7 
5.1 + 0.8 
4.7 + 0.8 
-0.5 + 0.8 
0.4+0.8 
0.3 + 0.8 
-0.3 + 0.8 
1.3 + 0.7 
2.5+0.9 


-0.1 + 0.4 
4.2+0.4 
3.9 + 0.5 
5.0 + 0.5 
4.5 + 0.4 
4.4 + 0.6 
5.3 + 0.5 
0.1+0.5 
1.0 + 0.6 
0.7 + 0.6 


www.sciencemag.org SCIENCE VOL 328 7 MAY 2010 


719 


Downloaded from www.sciencemag.org on May 6, 2010 


RESEARCH ARTICLE 


720 


the Neandertal genome—in order to identify re- 
gions that are the strongest candidates for being 
derived from Neandertals. If these candidate re- 
gions match the Neandertals at a higher rate than 
is expected by chance, this provides additional 
evidence for gene flow from Neandertals into 
modern humans. 

We thus identified regions in which there is 
considerably more diversity outside Africa than 


inside Africa, as might be expected in regions that 
have experienced gene flow from Neandertals to 
non-Africans. We used 1,263,750 Perlegen Class 
A SNPs, identified in individuals of diverse 
ancestry (78), and found 13 candidate regions of 
Neandertal ancestry (SOM Text 17). A prediction 
of Neandertal-to-modern human gene flow is that 
DNA sequences that entered the human gene pool 
from Neandertals will tend to match Neandertal 


more often than their frequency in the present-day 
human population. To test this prediction, we 
identified 166 “tag SNPs” that separate 12 of the 
haplotype clades in non-A fricans (OOA) from the 
cosmopolitan haplotype clades shared between 
Africans and non-Africans (COS) and for which 
we had data from the Neandertals. Overall, the 
Neandertals match the deep clade unique to non- 
Africans at 133 of the 166 tag SNPs, and 10 of the 


A 
Ga," Eutopean T T T T T T T T T T 7 
Es African === 
£@ f 
SS) 0 
Bo 2F 
Rott t 
or 7 
Be | 
oO k 
EB15+ 
o@ r 
ee 
85 
OO 1F 
Pe 
Ss f 
3S ft 
G9 05P 
50 
ga 
a= ol 1 1 1 1 iL. 1 1 1 SS 1 1 1 j 
go 0 02 04 06 08 1 #12 14 16 18 2 22 24 26 


hsRef-Neandertal divergence normalized by 
human-chimp. divergence and scaled by the average 


Fig. 5. Segments of Neandertal ancestry in the human reference genome. 
We examined 2825 segments in the human reference genome that are of 
African ancestry and 2797 that are of European ancestry. (A) European 
segments, with few differences from the Neandertals, tend to have many 
differences from other present-day humans, whereas African segments do 


Table 5. Non-African haplotypes match Neandertal at an unexpected rate. We 
identified 13 candidate gene flow regions by using 48 CEU+ASN to represent 
the OOA population, and 23 African Americans to represent the AFR population. 
We identified tag SNPs for each region that separate an out-of-Africa specific 
clade (OOA) from a cosmopolitan clade (COS) and then assessed the rate at 
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not, as expected if the former are derived from Neandertals. (B) Scatter plot 
of the segments in (A) with respect to their divergence to the Neandertals 
and to Venter. In the top left quandrant, 94% of segments are of European 
ancestry, suggesting that many of them are due to gene flow from 
Neandertals. 


which Neandertal matches each of these clades by further subdividing tag SNPs 
based on their ancestral and derived status in Neandertal and whether they 
match the OOA-specific clade or not. Thus, the categories are AN (Ancestral 
Nonmatch), DN (Derived Nonmatch), DM (Derived Match), and AM (Ancestral 
Match). We do not list the sites where matching is ambiguous. 


eas Neandertal Neandertal does 
Chromo- Start of candidate End of candidate Span ratio of Average (M)atches (Not Waren Qualitative 
some region in Build 36 region in Build 36 (bp) OOA/AFR fre f ae ioe el GOR specie assessment* 

quency o clade clade 
gene tree tag in OOA AM DM AN DN 
depth) clade 

al 168,110,000 168,220,000 110,000 2.9 6.3% 5 10 1 0 OOA 
1 223,760,000 223,910,000 150,000 2.8 6.3% 1 4 0 0 OOA 
4 171,180,000 171,280,000 100,000 1.9 5.2% 1 2 0 0 OOA 
5 28,950,000 29,070,000 120,000 3.8 3.1% 16 16 6 0 OOA 
6 66,160,000 66,260,000 100,000 5.7 28.1% 6 6 0 0 OOA 
9 32,940,000 33,040,000 100,000 2.8 4.2% 7 14 0 0 OOA 
10 4,820,000 4,920,000 100,000 2.6 94% 9 5 0 0 OOA 
10 38,000,000 38,160,000 160,000 3.5 8.3% 5 9 2 0 OOA 
10 69,630,000 69,740,000 110,000 4.2 19.8% 2 2 0 1 OOA 
15 45,250,000 45,350,000 100,000 2.5 1.1% 5 6 1 0 OOA 
17 35,500,000 35,600,000 100,000 2.9 (no tags) a a - a - 
20 20,030,000 20,140,000 110,000 5.1 64.6% 0 0 10 5 cos 
22 30,690,000 30,820,000 130,000 3.5 4.2% 0 2 5 2 cos 
Relative tag SNP frequencies in actual data 34% 46% 15% 5% 
Relative tag SNP simulated under a demographic model without introgression 34% 5% 33% 27% 
Relative tag SNP simulated under a demographic model with introgression 23% 31% 37% 9% 


*To qualitatively assess the regions in terms of which clade the Neandertal matches, we asked whether the proportion matching the OOA-specific clade (AM and DM) is much more than 50%. If 
so, we classify it as an OOA region, and otherwise a COS region. One region is unclassified because no tag SNPs were found. We also compared to simulations with and without gene flow (SOM 
Text 17), which show that the rate of DM and DN tag SNPs where Neandertal is derived are most informative for distinguishing gene flow from no gene flow. 
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12 regions where tag SNPs occur show an excess 
of OOA over COS sites. Given that the OOA 
alleles occur at a frequency of much less than 50% 
in non-A fricans (average of 13%, and all less than 
30%) (Table 5), the fact that the candidate regions 
match the Neandertals in 10 of 12 cases (P= 0.019) 
suggests that they largely derive from Neandertals. 
The proportion of matches is also larger than can be 
explained by contamination, even if all Neandertal 
data were composed of present-day non-A frican 
DNA (P = 0.0025) (SOM Text 17). 

This analysis shows that some old haplotypes 
most likely owe their presence in present-day non- 
Africans to gene flow from Neandertals. However, 
not all old haplotypes in non-Africans may have 
such an origin. For example, it has been suggested 
that the H2 haplotype on chromosome 17 and the 
D haplotype of the microcephalin gene were 
contributed by Neandertals to present-day non- 
Africans (12, 79, 80). This is not supported by the 
current data because the Neandertals analyzed do 
not carry these haplotypes. 

The extent of Neandertal ancestry. To es- 
timate the proportion of Neandertal ancestry, we 


Han- 


French Chinese PNG Yoruba San 


Homo erectus 


Fig. 6. Four possible scenarios of genetic mixture 
involving Neandertals. Scenario 1 represents gene 
flow into Neandertal from other archaic hominins, 
here collectively referred to as Homo erectus. This 
would manifest itself as segments of the Neandertal 
genome with unexpectedly high divergence from 
present-day humans. Scenario 2 represents gene 
flow between late Neandertals and early modern 
humans in Europe and/or western Asia. We see no 
evidence of this because Neandertals are equally 
distantly related to all non-Africans. However, such 
gene flow may have taken place without leaving 
traces in the present-day gene pool. Scenario 3 
represents gene flow between Neandertals and the 
ancestors of all non-Africans. This is the most par- 
simonious explanation of our observation. Although 
we detect gene flow only from Neandertals into 
modern humans, gene flow in the reverse direction 
may also have occurred. Scenario 4 represents old 
substructure in Africa that persisted from the origin 
of Neandertals until the ancestors of non-Africans 
left Africa. This scenario is also compatible with the 
current data. 


compare the similarity of non-Africans to Nean- 
dertals with the similarity of two Neandertals, N1 
and N2, to each other. Under the assumption that 
there was no gene flow from Neandertals to the 
ancestors of modern Africans, the proportion of 
Neandertal ancestry of non-A fricans, f, can be esti- 
mated by the ratio S(OOA,AF'R,N1, Chimpanzee 
S(N2,AFR,N1, Chimpanzee), where the S statistic 
is an unnormalized version of the D statistic 
(SOM Text 18, Eq. $18.4). Using Neandertals 
from Vindia, as well as Mezmaiskaya, we esti- 
mate f to be between 1.3% and 2.7% (SOM Text 
18). To obtain an independent estimate of f we fit 
a population genetic model to the D statistics in 
Table 4 and SOM Text 15 as well as to other 
summary statistics of the data. Assuming that 
gene flow from Neandertals occurred between 
50,000 and 80,000 years ago, this method 
estimates f to be between 1 and 4%, consistent 
with the above estimate (SOM Text 19). We note 
that a previous study found a pattern of genetic 
variation in present-day humans that was 
hypothesized to be due to gene flow from 
Neandertals or other archaic hominins into 
modern humans (8/). The authors of this study 
estimated the fraction of non-African genomes 
affected by “archaic” gene flow to be 14%, 
almost an order of magnitude greater than our 
estimates, suggesting that their observations may 
not be entirely explained by gene flow from 
Neandertals. 

Implications for modern human origins. 
One model for modem human origins suggests that 
all present-day humans trace all their ancestry back 
to a small African population that expanded and 
replaced archaic forms of humans without admix- 
ture. Our analysis of the Neandertal genome may 
not be compatible with this view because Nean- 
dertals are on average closer to individuals in 
Eurasia than to individuals in Africa. Furthermore, 
individuals in Eurasia today carry regions in their 
genome that are closely related to those in Ne- 
andertals and distant from other present-day hu- 
mans. The data suggest that between 1 and 4% of 
the genomes of people in Eurasia are derived from 
Neandertals. Thus, while the Neandertal genome 
presents a challenge to the simplest version of an 
“out-of-A frica” model for modern human ongins, it 
continues to support the view that the vast majority 
of genetic variants that exist at appreciable fre- 
quencies outside Africa came from Africa with 
the spread of anatomically modern humans. 

A striking observation is that Neandertals are 
as closely related to a Chinese and Papuan in- 
dividual as to a French individual, even though 
morphologically recognizable Neandertals exist 
only in the fossil record of Europe and western 
Asia. Thus, the gene flow between Neandertals 
and modern humans that we detect most likely 
occurred before the divergence of Europeans, 
East Asians, and Papuans. This may be explained 
by mixing of early modern humans ancestral to 
present-day non-A fricans with Neandertals in the 
Middle East before their expansion into Eurasia. 
Such a scenario is compatible with the archaeo- 
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logical record, which shows that modern humans 
appeared in the Middle East before 100,000 years 
ago whereas the Neandertals existed in the same 
region after this time, probably until 50,000 years 
ago (82). 

It is important to note that although we detect a 
signal compatible with gene flow from Neander- 
tals into ancestors of present-day humans outside 
Africa, this does not show that other forms of gene 
flow did not occur (Fig. 6). For example, we detect 
gene flow from Neandertals into modern humans 
but no reciprocal gene flow from modern humans 
into Neandertals. Although gene flow between 
different populations need not be bidirectional, it 
has been shown that when a colonizing population 
(such as anatomically modern humans) encounters 
a resident population (such as Neandertals), even a 
small number of breeding events along the wave 
front of expansion into new territory can result in 
substantial introduction of genes into the coloniz- 
ing population as introduced alleles can “surf” to 
high frequency as the population expands. As a 
consequence, detectable gene flow is predicted to 
almost always be from the resident population into 
the colonizing population, even if gene flow also 
occurred in the other direction (83). Another 
prediction of such a surfing model is that even a 
very small number of events of interbreeding can 
result in appreciable allele frequencies of Nean- 
dertal alleles in the present-day populations. Thus, 
the actual amount of interbreeding between 
Neandertals and modern humans may have been 
very limited, given that it contributed only 1 to 4% 
of the genome of present-day non-A fricans. 

It may seem surprising that we see no evidence 
for greater gene flow from Neandertals to present- 
day Europeans than to present-day people in 
eastern Asia given that the morphology of some 
hominin fossils in Europe has been interpreted as 
evidence for gene flow from Neandertals into 
early modem humans late in Neandertal history 
[e.g., (84)] (Fig. 6). It is possible that later mi- 
grations into Europe, for example in connection 
with the spread of agriculture, have obscured 
the traces of such gene flow. This possibility 
can be addressed by the determination of genome 
sequences from preagricultural early modern 
humans in Europe (85). It is also possible that if 
the expansion of modern humans occurred dif- 
ferently in Europe than in the Middle East, for 
example by already large populations interacting 
with Neandertals, then there may be little or no 
trace of any gene flow in present-day Europeans 
even if interbreeding occurred. Thus, the con- 
tingencies of demographic history may cause 
some events of past interbreeding to leave traces 
in present-day populations, whereas other events 
will leave little or no traces. Obviously, gene flow 
that left little or no traces in the present-day gene 
pool is of little or no consequence from a genetic 
perspective, although it may be of interest from a 
historical perspective. 

Although gene flow from Neandertals into 
modem humans when they first left sub-Saharan 
Africa seems to be the most parsimonious model 
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compatible with the current data, other scenarios 
are also possible. For example, we cannot currently 
rule out a scenario in which the ancestral pop- 
ulation of present-day non-Africans was more 
closely related to Neandertals than the ancestral 
population of present-day Africans due to ancient 
substructure within Africa (Fig. 6). If after the 
divergence of Neandertals there was incomplete 
genetic homogenization between what were to 
become the ancestors of non-Africans and A fri- 
cans, present-day non-Africans would be more 
closely related to Neandertals than are Africans. 
In fact, old population substructure in Africa has 
been suggested based on genetic (8/) as well as 
paleontological data (86). 

In conclusion, we show that genome sequences 
from an extinct late Pleistocene hominin can be 
reliably recovered. The analysis of the Neandertal 
genome shows that they are likely to have had 
a role in the genetic ancestry of present-day 
humans outside of Africa, although this role was 
relatively minor given that only a few percent of 
the genomes of present-day people outside Africa 
are derived from Neandertals. Our results also 
point to a number of genomic regions and genes 
as candidates for positive selection early in mod- 
ern human history, for example, those involved in 
cognitive abilities and cranial morphology. We 
expect that further analyses of the Neandertal ge- 
nome as well as the genomes of other archaic 
hominins will generate additional hypotheses 
and provide further insights into the origins and 
early history of present-day humans. 
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Targeted Investigation of the 
Neandertal Genome by Array-Based 
Sequence Capture 
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Johannes Krause,” Matthias Meyer,” Jeffrey M. Good,”* Tomislav Maricic,* Philip L. F. Johnson,” 
Zhenyu Xuan,7+ Michelle Rooks,”? Arindam Bhattacharjee,° Leonardo Brizuela,° Frank W. Albert,’ 
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It is now possible to perform whole-genome shotgun sequencing as well as capture of specific 
genomic regions for extinct organisms. However, targeted resequencing of large parts of nuclear 
genomes has yet to be demonstrated for ancient DNA. Here we show that hybridization capture on 
microarrays can successfully recover more than a megabase of target regions from Neandertal DNA 
even in the presence of ~99.8% microbial DNA. Using this approach, we have sequenced ~14,000 
protein-coding positions inferred to have changed on the human lineage since the last common 
ancestor shared with chimpanzees. By generating the sequence of one Neandertal and 50 present-day 
humans at these positions, we have identified 88 amino acid substitutions that have become fixed 


in humans since our divergence from the Neandertals. 


logical overview of the major phenotypic 

changes during human evolution. How- 
ever, the underlying genetic bases for most of 
these events remain elusive. This is partly be- 
cause it is not known when most human-specific 
genetic changes, identified from genome com- 
parisons to living relatives, occurred during the 
~6.5 million years since the separation of the hu- 
man and chimpanzee evolutionary lineages. How- 
ever, shotgun sequencing of the Neandertal, a 
human form whose ancestors split from modern 
human ancestors 270,000 to 440,000 years ago, 
has been performed to ~1.3-fold coverage of the 
entire genome (/). Comparison of Neandertal and 
present-day human genomes can reveal infor- 
mation about whether genetic changes occurred 
before or after the ancestral population split of 
modern humans and Neandertals. However, low- 
coverage whole-genome shotgun sequencing in- 
evitably leaves a substantial proportion of the 


T: fossil record provides a rough chrono- 
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genome uncovered. Although deeper shotgun 
sequencing of one or a few individuals may 
produce higher coverage across the whole ge- 
nome, simple shotgun approaches cannot eco- 
nomically retrieve specific loci from multiple 
individuals, both due to the size of the mamma- 
lian genome per se and to the very high propor- 
tion (up to 99.9%) of microbial DNA in the vast 
majority of ancient tissue remains, with the ex- 
ception of some instances of preservation in 
permafrost (2, 3). Primer extension capture can 
isolate specific DNA sequences from multiple 
Neandertal individuals (4). However, although 
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useful for capture of small target regions such as 
mitochondrial DNA (mtDNA) (4, 5), this method 
is unlikely to be scalable up to megabase target 
regions, ruling out experiments such as the re- 
trieval of exomes, large chromosomal regions, 
or validation of sites of interest identified in the 
low-coverage shotgun genome data. 

Because microarrays can carry hundreds of 
thousands of probes, we investigated the use of 
massively parallel hybridization capture on glass 
slide microarrays (6, 7) on Neandertal DNA at 
thousands of genomic positions where nucleo- 
tide substitutions changing amino acids (non- 
synonymous substitutions) have occurred on the 
human lineage since its split from chimpanzees. 
For any substitution that is fixed, i.e., occurs in all 
present-day humans, it is currently impossible to 
judge how long ago either the original mutation 
or the subsequent fixation event occurred. How- 
ever, by ascertaining the Neandertal state at these 
positions, we can separate fixed substitutions 
into two classes: (i) sites where a Neandertal 
carries the derived state, which indicates that the 
substitution must have occurred before the pop- 
ulation split of modern humans and Neandertals; 
and (ii) sites where a Neandertal is ancestral, 
which indicates that fixation of a substitution 
in modern humans occurred after the popula- 
tion split with Neandertals (Fig. 1A). 

To identify substitutions that occurred on the 
human lineage since the ancestral split with 
chimpanzee, we aligned human, chimpanzee, and 
orangutan protein sequence for all orthologous 
proteins in HomoloGene (8, 9). Comparison of 
these three species allowed us to assign human/ 
chimpanzee differences to their respective evolu- 
tionary lineages. We designed a 1 Million Agilent 
oligonucleotide array covering, at 3—base pair 
tiling, all 13,841 nonsynonymous substitutions 
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Fig. 1. (A) Identification of protein-coding changes that are likely to have become fixed recently (red bar) 
in modern humans after the population split from Neandertals. Such positions would be derived in all 
present-day humans but ancestral in the Neandertal. (B) Distribution of Neandertal coverage for ~14,000 
amino acid substitution sites found in the human genome by comparison to primate outgroups. The same 
sites were also sequenced in 50 present-day humans. Of these, 88 were found to be fixed derived in 
present-day humans and ancestral in Neandertal, representing recently fixed protein-coding changes in 
the human genome. 
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inferred to have occurred on the human lineage 
(9). We used this array to capture DNA from a 
~49,000-year-old Neandertal bone (Sidron 1253) 
from El Sidr6n Cave, Spain (10, //). This bone 
contains a high amount of Neandertal DNA in 
absolute terms, but also a high proportion (99.8%) 
of microbial DNA (4), making it unsuitable for 
shotgun sequencing. To identify which of the 
13,841 substitutions are fixed in present-day 
humans, we also collected data from 50 individ- 
uals from the Human Genome Diversity Panel 
(12) with the same array design as used for 
the El Sidron Neandertal (table S1). The DNA 
libraries from these individuals were barcoded, 
pooled, and captured on a single array (/3). 
All captured products were sequenced on the 
Illumina GAII platform and aligned to the human 
genome (9). Overall, 37% of the Neandertal 
sequence reads aligned to the target regions, 
representing ~190,000-fold target enrichment. 
We retrieved Neandertal sequence for 13,250 
(96%) of the substitutions targeted on the array, 
with an average coverage of 4.8-fold after filtering 
for polymerase chain reaction (PCR) duplicates 
(Fig. 1B). We considered a Neandertal position 
ancestral if all overlapping reads matched the 
chimpanzee state and derived if all reads carried 
the modern human state or if we found a mix- 
ture of derived and third-state reads, disregarding 
positions that carried only a third state or po- 
sitions where Neandertal reads were found both 
in the ancestral and in the derived state. From 
each present-day individual, a total of 25% (23 
to 27%) of reads aligned to the target regions. In 
each individual, we retrieved on average 98% 
(97 to 99%) of targeted positions and had on 
average coverage of 10-fold (fig. S1). We es- 
timated genotypes for each individual and con- 
sidered a position to be fixed derived if it was 
homozygous and derived in all humans ob- 


served, and if data were available for at least 25 
individuals (50 chromosomes) (9). 

We included several additional target re- 
gions on the array to assess levels of human 
DNA contamination, which can frequently af- 
fect ancient DNA experiments (/4). One such 
region was the complete human mtDNA, which 
is known to differ between the Sidroén 1253 
Neandertal analyzed here and almost all (99%) 
present-day humans at 130 positions (4). Even 
though the array probes were designed to match 
present-day human mtDNA, 253,549 of the 
254,296 (99.71%) fragments that overlapped 
these 130 positions matched the Neandertal state. 
We therefore conclude that the vast majority of 
mtDNA in the Sidron 1253 library is of Nean- 
dertal origin. 

For a more direct estimate of contamination 
in the nuclear DNA, we used 46 nucleotide 
sites on the X chromosome that differ between 
present-day humans and chimpanzees and that 
were found to be ancestral in a Neandertal from 
Croatia (Vindija 33.16) by shotgun sequencing 
(/), whereas ~1000 present-day humans in the 
human diversity panel carry a derived state. The 
Sidron 1253 individual will obviously not match 
Vindija 33.16 at all of these sites. However, 
because Sidrén 1253 is a male (/5) and thus 
carried a single X chromosome, at sites where he 
does match Vindija 33.16, all reads should carry 
the ancestral base while apparent heterozygosity 
will indicate human DNA contamination. By 
analyzing the consistency of reads overlapping 
these sites on the X chromosome, we calculated a 
maximum likelihood estimator of X-chromosomal 
contamination of 4%, although confidence inter- 
vals are large (1 to 12%) due to the small number 
of relevant positions (9). 

Another way to estimate contamination across 
autosomes is to investigate patterns of allele 


Fig. 2. Evolutionary conser- 0.5 
vation at positions affected 

by substitutions that are i 
fixed in present-day humans. 
For each bin of conservation 
GERP (Genomic Evolutionary 
Rate Profiling) scores, the frac- 
tions of derived and ancestral 
alleles of all positions where 
the Neandertal carries derived 
(blue) and ancestral alleles 
(red), respectively, are given. 
Error bars are 95% binomial 
confidence intervals. 
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counts. Because at every site an individual is 
either homozygous derived, homozygous an- 
cestral, or heterozygous, DNA from a single in- 
dividual will yield at each site either only derived 
alleles, only ancestral alleles, or a draw with 
equal chance for either. Contamination from 
other individuals would cause systematic devi- 
ation from these patterns. We thus produced a 
likelihood model that estimated contamination 
at the positions recovered from Sidrén 1253, and 
calculated a 95% upper bound for contamination 
of 2% (9). From these results we conclude that 
the Sidron 1253 data are not substantially af- 
fected by human DNA contamination. 

In total, we determined with high confidence 
the Neandertal and present-day human state for 
10,952 nonsynonymous substitutions. In 10,015 
(91.5%) of all cases the Neandertal carries the 
derived state, whereas in 937 (8.5%) cases the 
ancestral state was found (fig. S2). Of the po- 
sitions that are fixed in the derived state in 
present-day humans, 9525 (87%) are derived in 
Neandertal, whereas 88 (0.8%) (table S2) are 
ancestral (fig. S2). In agreement with previous 
results generated by PCR (/5), two substitutions 
that change amino acids in the gene FOXP2 (16), 
involved in speech and language (/7), are both 
derived in this Neandertal individual. 

The 88 recently fixed substitutions occur in 
83 genes (tables S2 and S3). We asked if these 
genes cluster in any group of functionally related 
genes relative to the genes that were targeted 
in the capture array (/8) (as defined in the Gene 
Ontology) but found no such groups. We further- 
more asked if the 88 substitutions that recently 
became fixed in humans differ from those that 
occurred before the divergence from the Nean- 
dertal with respect to how evolutionarily con- 
served the positions in the encoded proteins are 
(9, 19) (Fig. 2). We found that the 88 recent 
substitutions tend to affect amino acid positions 
that are more conserved than the older substi- 
tutions (Wilcoxon rank text; P = 0.014). Sim- 
ilarly, the recently fixed substitutions caused 
more radical amino acid changes with respect 
to the chemical properties of the amino acids 
(Wilcoxon rank test; P = 0.04). One possible 
explanation for these observations is that the 
effective population size of humans since their 
separation from the Neandertal lineage has been 
small, leading to a reduced efficiency of puri- 
fying selection, as seen, e.g., in Europeans (20). 
We also looked for evidence that the recent 
substitutions may have been fixed by positive 
selection. One recent substitution occurred in 
SCMLI, a gene involved in spermatogenesis 
(21) that has been previously proposed as a target 
of positive selection in humans (22) as well as 
frequent positive selection in primates (23). How- 
ever, we found no significant overrepresenta- 
tion of the 83 genes among candidate genes in 
three genome-wide scans for positive selection 
(24) (table S4). Nevertheless, we believe that all 
of these amino acid substitutions warrant func- 
tional studies. 
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Our results demonstrate that hybridization cap- 
ture arrays can generate data from genomic target 
regions of megabase size from ancient DNA 
samples, even when only ~0.2% of the DNA in 
a sample stems from the endogenous genome. By 
generating an average coverage of 4- to 5-fold, 
errors from sequencing and small amounts of 
human DNA contamination can be minimized. A 
further approximately 5-fold reduction of errors 
was achieved here by the enzymatic removal of 
uracil residues that are frequent in ancient DNA 
(25). Because the Sidr6n 1253 Neandertal library 
used for this study has been amplified and 
effectively immortalized, the same library should 
be able to provide similar-quality data for any other 
genomic target region, or even the entire single- 
copy fraction of the Neandertal genome. 
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Fermi Gamma-Ray Imaging 


of a Radio Galaxy 


The Fermi-LAT Collaboration*t 


The Fermi Gamma-ray Space Telescope has detected the y-ray glow emanating from the giant 
radio lobes of the radio galaxy Centaurus A. The resolved y-ray image shows the lobes clearly 
separated from the central active source. In contrast to all other active galaxies detected so far 
in high-energy y-rays, the lobe flux constitutes a considerable portion (greater than one-half) 
of the total source emission. The y-ray emission from the lobes is interpreted as inverse 
Compton-scattered relic radiation from the cosmic microwave background, with additional 
contribution at higher energies from the infrared-to-optical extragalactic background light. 
These measurements provide y-ray constraints on the magnetic field and particle energy content 
in radio galaxy lobes, as well as a promising method to probe the cosmic relic photon fields. 


entaurus A (Cen A) is one of the brightest 

radio sources in the sky and was among 

the first identified with a galaxy (NGC 
5128) outside of our Milky Way (/). Straddling 
the bright central source is a pair of extended ra- 
dio lobes with a total angular extent of ~10° (2, 3), 
which makes Cen A the largest discrete nonther- 
mal extragalactic radio source visible from Earth. 
At a distance of 3.7 Mpc (4), it is the nearest 
radio galaxy to Earth, and the implied physical 
source size is ~600 kpc. Such double-lobed radio 
structures associated with otherwise apparently 
normal giant elliptical galaxies have become the 
defining feature of radio galaxies in general. The 


*All authors with their affiliations appear at the end of this 
paper. 
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consensus explanation for this phenomenon is that 
the lobes are fueled by relativistic jets produced 
by accretion activity in a super-massive black hole 
residing at the galaxy’s center. 

With its unprecedented sensitivity and imaging 
capability (per-photon resolution: Og ~ 0°.8£¢), 
the Fermi Large Area Telescope (LAT) (5) has 
detected and imaged the radio lobes of Cen A 
in high-energy y-rays. The LAT image result- 
ing from ~10 months of all-sky survey data 
(Fig. 1) clearly shows the y-ray peak coincident 
with the active galactic nucleus detected by the 
Compton/EGRET instrument (6) and extended 
emission from the southern giant lobe. Because 
the northern lobe is characterized by lower 
surface-brightness emission (in radio), it is not 
immediately apparent from a naked-eye inspec- 
tion of the y-ray counts map. Nevertheless, from 
a counts profile extracted along the north-south 
axis of the source (Fig. 2), y-ray excesses from 
both lobes are clearly visible. 


Spectra for each of the lobes together with 
the central source (hereafter referred to as the 
“core”) were determined with a binned maximum 
likelihood analysis implemented in GTLIKE (7) 
using events from 0.2 to 30 GeV in equal logarith- 
mically spaced energy bins. We modeled back- 
ground emission by including the Galactic diffuse 
component, an isotropic component, and nearby 
y-ray point sources [see the supporting online ma- 
terial (SOM)]. We fit the core as a point source at 
the known radio position and modeled the lobe 
emission with a 22-GHz Wilkinson Microwave 
Anisotropy Probe (WMAP) image (Fig. 1) (8) with 
the core region within a 1° radius excluded as a 
spatial template. The modeled lobe region rough- 
ly corresponds to the regions | and 2 (north) and 
4 and 5 (south) defined in (9), where region 3 is the 
core (Fig. 2). Assuming a power law for the y-ray 
spectra, we find a large fraction (>1/2) of the 
total >100-MeV emission from Cen A to originate 
from the lobes with the flux in each of the northern 
{[0.77(+0.23/-0.19 (+0. 39) gye¢] X 10°” ph ems *} 
and southern {[1.09(+0.24/-0.21)gta(+0.32)syst.] * 
10 ’ phem™” s'} lobes smaller than the core flux 
{[1.50+0.25/-0.22)sea(+0.3 yet] X 10°” ph em s*} 
(stat., statistical; syst., systematic). Uncertainties in 
the LAT effective area, the Galactic diffuse model 
used, and the core exclusion region were con- 
sidered to be sources of systematic error (SOM). 
The resultant test statistic (/0) for the northern 
and southern giant lobes are 29 and 69, which 
correspond to detection significances of 5.0o and 
8.00, respectively. The lobe spectra are steep, with 
photon indices F = 2.52(+0.16/-0.19)stat(+0.25)oyst. 
(north) and 2.60(+0.14/—0.15) stat (+0.20).yst. (South) 
in which photons up to ~2 to 3 GeV are currently 
detected. These values are consistent with that of 
the core [= 2.67(+0.10)stat (0.08) syst], which 
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Fig. 1. (A and B) Fermi- 
LAT y-ray (>200 MeV) 
counts maps centered 
on Cen A, displayed with 
square-root scaling. In 
both (A) and (B), models 
of the galactic and iso- 
tropic emission compo- 
nents were subtracted 
from the data (in con- 
trast to the observed 
counts profile presented 
in Fig. 2). The images 
are shown before (A) 
and after (B) addition- 
al subtraction of field 
point sources (SOM) and 
are shown adaptively 
smoothed with a mini- 
mum signal-to-noise ratio 
of 10. In (B), the white 
circle with a diameter of 
1° is approximately the 


scale of the LAT point-spread function width. (C) For comparison, the 22-GHz radio map 
from the 5-year WMAP data set (8) with a resolution of 0°.83 is shown. J2000, equinox; h, 


hour; m, minutes. 


Fig. 2. Observed intensi- 
ty profiles of Cen A along 
the north-south axis in 
y-rays (top) and in the 
radio band (bottom). In 
the bottom panel, the lobe 
regions 1 and 2 (northern 
lobe) and regions 4 and 
5 (southern lobe) are in- 
dicated as in (9), where 
region 3 (not displayed 
here) is the core. The red 
curve overlaid onto the 
LAT data indicates the 
emission model for all 
fitted points sources, plus 
the isotropic and Galactic 
diffuse (brighter to the 


Declination (J2000) 
Declination (J2000) 


13°50" 13°40" 13°30" 13°20" 13°10" 13°00" 


Right Ascension (J2000) 
counts deg? 


100.0 144.0 196.0 256.0 324.0 400.0 0.0 


Declination (J2000) 


13°50" 


13°30" 13°20" 
Right Ascension (J2000) 


13°40” 1310" —13"00" 


counts ie , 


25.0 100.0 225.0 400.0 


13°50" 13"40" = 13°30" = 13"20" = 13"10" = 13"00" 
Right Ascension (J2000) 
counts deg* 
[ 
0.0 25.0 100.0 225.0 400.0 


Fermi LAT 
>200 MeV 


Counts 


Flux density [arb] 


Offset from core [degrees] 


south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset = 
—4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess 
counts are coincident with the northern and southern giant lobes. arb, arbitrary units. 


is known to have a steep y-ray spectrum (6). 
For further details pertaining to the analysis of 
the lobe emission, see the SOM. 

It is well-established that radio galaxy lobes 
are filled with magnetized plasma containing 
ultra-relativistic electrons emitting synchrotron 
radiation in the radio band (observed frequencies: 
v ~ 10’ to 10'' Hz). These electrons also up- 
scatter ambient photons to higher energies via the 
inverse Compton (IC) process. At the observed 
distances far from the parent galaxy (>100-kpc 
scale), the dominant soft-photon field surround- 
ing the extended lobes is the pervading radiation 
from the cosmic microwave background (CMB) 
(11). Because IC/CMB scattered emission in the 
lobes of more distant radio galaxies is generally 
well observed in the x-ray band (/2—/4), the IC 
spectrum can be expected to extend to even higher 
energies (9, 15), as demonstrated by the LAT 
detection of the Cen A giant lobes. 
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Fig. 3. Broad-band SEDs of the northern (A) and southern (B) giant lobes of 
Cen A. The radio measurements (up to 60 GHz) of each lobe are separated 
into two regions, with dark blue data points indicating regions that are closer 
to the nucleus (regions 2 and 4; see Fig. 2), and light blue points denoting 
the farther regions (1 and 5). Synchrotron continuum models for each 
region are overlaid. The component at higher energies is the total IC 
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Fig. 4. Detail of the IC portion of the northern (A) and southern (B) giant 
lobes’ SEDs (Fig. 3). The separate contributions from the different photon 
seed sources are indicated with dashed lines, and the total emission is 


To model the observed lobe y-rays as IC emis- 
sion, detailed radio measurements of the lobes’ 
synchrotron continuum spectra are necessary to 
infer the underlying electron energy distribution 
(EED), n.(y), where the electron energy is E. = 
yn (y, electron Lorentz factor; me, electron mass; 
c, speed of light; n,, number density of electrons). In 
anticipation of these Fermi observations, ground- 
based (/6, 17) and WMAP satellite (8) maps of 
Cen A were previously analyzed (9). Here, we 
separately fit the 0.4- to 60-GHz measurements 
for each region defined therein for the north (1 and 
2) and south (4 and 5) lobes (Fig. 2) with EEDs in 
the form of a broken power law (with normaliza- 
tion k, and slopes s; and sz) plus an exponential 
cutoff at high energies ne(y) = key! for Ymin < 
¥< Yor and ne(y) = keyg: 'Y ?€XP[~Y/Ymax] for 
Y = Ybr, Such that the electron energy density is Ue 
JEcne(y)dy. To a certain extent, our modeling re- 
sults depend on the shape of the electron spectrum 
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emission of each lobe modeled to match the LAT measurements (red points 
with error bars; error bars indicate 1 o errors). The x-ray limit for the lobe 
emission derived from SAS-3 observations (24) is indicated with a red 
arrow [see (9)]. The break and maximum frequencies in the synchrotron 
spectra are v,, = 4.8 GHz and vmax = 400 GHz, respectively. vS,, frequency 
multiplied by flux density. 


at energies higher than those probed by the WMAP 
measurements (v = 60 GHz) (Fig. 3); we have 
assumed the spectrum to decline exponentially. 
We calculated the IC spectra resulting from 
the fitted EED (parameters listed in table S1 
of the SOM) by employing precise synchro- 
tron (/8) and IC (/9) kernels (including Klein- 
Nishina effects) by adjusting the magnetic 
field B. In addition to the CMB photons, we 
included IC emission off the isotropic infrared- 
to-optical extragalactic background light (EBL) 
radiation field (9, 20, 2/), using the data com- 
pilation from (22). Anisotropic radiation from 
the host galaxy starlight and the well-known 
dust lane was also included, but was found to 
have a negligible contribution in comparison to 
the EBL (Fig. 4 and SOM). The resultant total 
IC spectra of the northern and southern lobes 
(Fig. 3) with B = 0.89 uG (north) and 0.85 uG 
(south) provide satisfactory representations of 


IC/CMB 
IC/EBL 
IC/star 
1C/dust 


10° 1074 10 


1072 
v [Hz] 
represented by the solid black line. Red data points and error bars are the 
same as in Fig. 3. Vertical bars indicate errors; horizontal bars indicate 
frequency range. 


the observed y-ray data. These B-field values 
imply that the high-energy y-ray emission de- 
tected by the LAT is dominated by the scattered 
CMB emission, with the EBL contributing at 
higher energies (21 GeV) (Fig. 4). 

Considering only contributions from ultra- 
relativistic electrons and magnetic field, the lobe 
plasma is found to be close to the minimum- 
energy condition with the ratio of the energy den- 
sities U./Ug ~ 4.3 (north) and ~ 1.8 (south), 
where U, = B?/8n. The EED was assumed to 
extend down to Ymin = 1; adopting larger values 
can reduce this ratio by a fractional amount 
for the southern lobe and by up to ~two times 
for the northern lobe (SOM). For comparison, 
IC/CMB x-ray measurements of extended lobes 
of more powerful [Fanaroff-Riley type-II (23)] 
radio sources have been used to infer higher B 
fields and equipartition ratios with a range 
U./Upg ~ 1-10 (12-14). 
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The radiating particles in the Cen A lobes 
lose energy predominantly through the IC chan- 
nel, because the ratio of the corresponding cool- 
ing times is equal to the energy density ratio 
Ucus/Up = 10. This manifests itself in the ap- 
proximately one order of magnitude dominance 
of the y-ray component over the radio component 
in the observed spectral energy distributions (SEDs) 
(Fig. 3). However, the magnetic-field constraints 
(thus, the exact ratios of Ucyp/Up) are sensitive 
to the shape of the EED at the electron energies 
E. > 0.1 TeV. On one hand, magnetic-field 
strengths greater than B ~ 1 wG will under- 
produce the observed LAT emission for all rea- 
sonable forms of the EED, so the quoted ratio is 
formally a lower limit. Conversely, magnetic 
fields as low as ~one-third of our quoted values 
are strictly allowed if we invoke a sharper cutoff 
in the synchrotron spectrum at 2 60 GHz, as 
would be expected in some aging models for ex- 
tended radio lobes (9). Such models with lower 
magnetic fields and EEDs with sharper upper- 
energy cutoffs than the exponential form adopted 
here (Fig. 3) would result in IC spectra in which 
the EBL, rather than the CMB, component be- 
comes dominant in the LAT observing band. 
These models require large departures from equi- 
partition (U./Ug 2 10); even lower B fields 
would violate the observed x-ray limit to the 
lobe flux (9, 24). 

For a tangled magnetic field, the total nonthermal 
pressures in the lobes are pry = (Ue + Up)/3 ~ 
5.6x 10 erg em? (north) and ~ 2.7 x 
10°'* erg cm? (south). Such estimates can be 
compared to the ambient thermal gas pressure 
to enable further understanding of the dynamical 
evolution of such giant structures in general. 
Unfortunately, the parameters of the thermal 
gas at the appropriate distances from the nu- 
cleus of Cen A are not well known. Upper lim- 
its of the soft x-ray emission of the lobes (9), as 
well as Faraday rotation studies (25), indicate 
that the thermal gas number density is Mga, < 
10 * cm ? within the giant lobes. Hence, the up- 
per limit for the thermal pressure pya, = nkT < 
10° °(Mga/10* cm )(Teas/10’ K) erg em ® (f, the 
Boltzmann constant; 7; temperature) is compa- 
rable to the evaluated nonthermal pressures. 

Our modeling results allow us to estimate 
the total energy in both giant lobes Fj 1.5x 
10°° erg. This energy, divided by the lifetime 
of the lobes derived from spectral aging t ~ 3x 
10’ years (9), gives the required kinetic pow- 
er of the jets inflating the giant lobes, L; ~ 
Evo,/ 20 = 7.7 X 10 erg s |, which is close to 
the estimates of the total power of the kiloparsec- 
scale outflow in the current epoch of jet activity 
(26). For a black hole mass in Cen A, Mgy ~ 
10°Mo (Mo, mass of the sun) (27), this im- 
plies a jet power that is only a small fraction 
of the Eddington luminosity (L; ~ 6.1 x 10 *Lew), 
as well as a relatively small jet production effi- 
ciency (Evot/Mpuc? = 8x 10>). Because the 
work done by the expanding lobes on the am- 
bient medium is not taken into account and the 
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relativistic proton content is unconstrained in 
our analysis, the obtained values for £,,, and 
L; are strict lower limits and could plausibly be 
an order of magnitude larger (28). 

The observed LAT emission implies the pres- 
ence of 0.1 to 1 TeV electrons in the few 
hundred kiloparsec-scale lobes. Because their 
radiative lifetimes (<1 to 10 million years) ap- 
proach plausible electron transport time scales 
across the lobes, the particles have been either 
accelerated in situ or efficiently transported from 
regions closer to the nucleus. Such high-energy 
electrons in the lobes are, in fact, required to IC 
scatter photons into the LAT band, and it is 
presently unclear how common this is in other 
radio galaxies. 
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The Equation of State of a 
Low-Temperature Fermi Gas 
with Tunable Interactions 


N. Navon,*t S. Nascimbéne,* F. Chevy, C. Salomon 


Interacting fermions are ubiquitous in nature, and understanding their thermodynamics is an 
important problem. We measured the equation of state of a two-component ultracold Fermi gas for 
a wide range of interaction strengths at low temperature. A detailed comparison with theories 
including Monte-Carlo calculations and the Lee-Huang-Yang corrections for low-density bosonic 
and fermionic superfluids is presented. The low-temperature phase diagram of the spin-imbalanced 
gas reveals Fermi liquid behavior of the partially polarized normal phase for all but the weakest 
interactions. Our results provide a benchmark for many-body theories and are relevant to other 
fermionic systems such as the crust of neutron stars. 


ecently, ultracold atomic Fermi gases 
Rev become a tool of choice to study 

strongly correlated quantum systems 
because of their high controllability, purity, and 
tunability of interactions (/). In the zero-range 
limit, interactions in a degenerate Fermi system 
with two spin-components are completely char- 
acterized by a single parameter 1/k,a, where a is 
the s-wave scattering length and kp = (6n°n)"” is 
the Fermi momentum (nv is the density per spin 
state). In cold atom gases, the value of |a| can be 
tuned over several orders of magnitude using a 
Feshbach resonance; this offers an opportunity 
to entirely explore the so-called BCS-BEC cross- 
over, that is, the smooth transition from Bardeen- 
Cooper-Schrieffer (BCS) superfluidity at small 
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negative values of a to molecular Bose-Einstein 
Condensation (BEC) at small positive values 
of a (/, 2). Between these two well-understood 
limiting situations, a diverges, leading to strong 
quantum correlations. The description of this sys- 
tem is a challenge for many-body theories, as 
testified by the large amount of work in recent 
years (/). The physics of the BEC-BCS crossover 
is relevant for very different systems, ranging from 
neutron stars to heavy nuclei and superconductors. 

In the grand-canonical ensemble and at zero 
temperature, dimensional analysis shows that the 
Equation of State (EoS) of a two-component Fermi 
gas, relating the pressure P to the chemical potentials 
Ll, and [ty of the spin components can be written as 


P(\y,}1,@) = 


h LL 
Polns)a(& = Jima’! Hs) (1) 
1 


where Po(,) = 1/15n2(2m/h?)?/",°/ is the 
pressure of a single-component ideal Fermi gas, 


m is the atom mass, f/ is the Planck constant 
divided by 2x, and 6, is the grand-canonical 
analog of the dimensionless interaction parameter 
1/kpa. The indices | and 2 refer to the majority and 
minority spin components, respectively. From the 
dimensionless function (5;,n), it is possible to 
deduce all the thermodynamic properties of the 
gas, such as the compressibility, the magnetiza- 
tion, or the existence of phase transitions. The aim 
of this paper is to measure /(5,,n) for a range of 
interactions (6,) and spin imbalances (1) and dis- 
cuss its physical content. Because it contains the 
same information as Eq. 1, the function / will also 
be referred to as the EoS in the rest of the text. 

In situ absorption images of harmonically 
trapped gases are particularly suited to investi- 
gate the EoS, as first demonstrated in (3) and 
(4). In the particular case of the grand-canonical 
ensemble, a simple formula relates the local 
pressure P at a distance z from the center of the 
trap along the z axis to the doubly integrated 
density profiles 7, and 7 (5). 

2 
(m1 (z) + Ma(z)) (2) 


Pw (2)sHa(2).a) =F 


Here, we define the local chemical potentials 
u,(z) = n° — ~mo?2z*, where ? is the chemical 
potential of the component i at the bottom of the 
trap, assuming local density approximation. 0, 
and @-, are the transverse and axial angular 
frequencies of a cylindrically symmetric trap, 
respectively, and 7i;(z) = Jn;(x,y,z)dxdy is the 
atomic density n; of the component i, doubly 
integrated over the transverse x and y directions. 
In a single experimental run at a given magnetic 
field, two images are recorded, providing 7 (z) 
and 7i2(z) (fig. S4); the z-dependence of the chem- 
ical potentials then enables the measurement of P 
along a curve in the (6),n) plane (6). This method 
was validated in (4) for the particular case of the 
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unitary limit a = 00. Deducing the function h from 
the doubly integrated profiles further requires a 
precise calibration of w, and the knowledge of the 
central chemical potentials u° (6). 

Our experimental setup is presented in (7). 
We prepared an imbalanced mixture of °Li in the 
two lowest internal spin states, at the magnetic 
field of 834 G (where a = 00), and trapped it in a 
hybrid magnetic-optical dipole trap. We then per- 
formed evaporative cooling by lowering the 
optical trap power, while the magnetic field was 
ramped to the final desired value for a. The cloud 
typically contained N = 2 to 10 x 10* atoms in 
each spin state at a temperature of 0.03(3) Tm 
justifying our 7'= 0 assumption (6). The final trap 
frequencies are w_/2n ~ 30 Hz and @,./2m ~ 1 kHz. 
Below a critical spin population imbalance, our 
atomic sample consists of a fully paired superfluid 
occupying the center of the trap, surrounded by a 
normal mixed phase and an outer rim of an ideal 
gas of majority component atoms (4, 7, 8). 

For a given magnetic field, 10 to 20 images 
are taken, leading after averaging to a low-noise 
EoS along one line in the (6;,n) plane. Measure- 
ments at different magnetic fields chosen be- 
tween 766 G and 981 G give a sampling of the 
surface /(5;,n) in the range —1 < 6, < 0.6 and 
—2 << 0.7 (Fig. 1). Let A(6;) be the limiting 
value of the ratio of chemical potentials u)(z)/2(z) 
below which the minority density vanishes. At 
fixed 6, and yn < A(8,), 4(5;,n) represents the EoS 
of an ideal Fermi gas of majority atoms and is 
equal to 1. For n > A(6,), it slowly rises and cor- 
responds to the normal mixed phase, where both 
spin components are present. At a critical value n = 
n(5,), the slope of 4 abruptly changes (6), the 
signature of a first-order phase transition from the 
normal phase (for A <n <1.) to a superfluid phase 
with a lower chemical potential imbalance (n> 1). 
We notice that the discontinuity is present for all 
values of 5; we investigated, and this feature is 
more pronounced on the BEC side. 

Let us first consider the EoS of the superfluid 
phase, n > n.. Each of our in situ images has, 
along the z axis, values of the chemical potential 
ratio n(z) = Ho(z)/u1(z) both lower and greater 
than 1,. In the region where 1(z) > n,, the doubly 
integrated density difference 7)(z)—72(z) is 
constant within our signal-to-noise ratio (fig. S4). 
This is the signature of equal densities of the two 
species in the superfluid core, that is, the 
superfluid is fully paired. Using Gibbs-Duhem 


relation n; = ~ equal densities 1, = nz imply 


that P(U;,H2,@) is a function of uw and a only, 
where Lt = (1; + [12)/2. For the balanced superfluid, 
we then write the EoS symmetrically. 


x h 
P( Uy by,@) = 2Po(fi)hs (3 = ae: 
To avoid using negative chemical potentials, we 
define here ft = up — E;,/2, where Ey, is the mo- 
lecular binding energy E, = W /ma? for a>0 
(and 0 for a < 0). h,(8) is then a single-variable 
function. It fully describes the ground-state 
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Fig. 1. h(S,,7) of a zero-temperature two-component Fermi gas in the BEC-BCS crossover. (A) Samples of 
the data for different magnetic fields. The black (red) data points correspond to the normal (superfluid) 
phase and are separated at 1-(5,) by a clear kink in the local slope of h. Solid black lines are the 
predictions of the polaron ideal gas model (Eq. 8). The scattering length corresponding to each curve is 
(from left to right): (1.7, 3.4, 00, and -1.3) in units of 10* ag, where dg is the Bohr radius. (B) h(5,,n). The 
black dots are data recorded for each magnetic field value (as in Fig. 1A). The black lines correspond to the 
parametric curves [5,(n),n] scanned by the density inhomogeneity in the harmonic trap (6). The red line is 
A(5,), the frontier between the fully polarized (FP) ideal gas h = 1 and the normal partially polarized (PP) 
phase. The green line is -(8,), marking the phase transition between the normal and superfluid (S) 
phases. The surface is the parametrization of h(5,,n) given in the text. 


Fig. 2. hs(5) of the 7 = 0 balanced ea a 
superfluid in the BEC-BCS crossover [ 
(black dots). The blue solid line is 
the fit h,®°°(5) on the BCS side of 
the resonance; the red solid line is 
the fit h;®=°(5) on the BEC side. The 
dotted (dashed) red line is the 
mean-field (LHY) theory (32). (Inset) 
Zoom on the BCS side. The dotted 
and dashed blue lines are the EoS, 
including the mean-field and LHY 
terms, respectively. The systematic 
uncertainties on the x and y axes are 
about 5%. The errors bars represent 
the standard deviation of the statis- 
tical uncertainty. 
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Fig. 3. Comparison with 


many-body theories. (A) Direct So's 1 

comparison of A<(5) with a 

quantum Monte-Carlo calcula- 3064 ] 

tion [red open circles (22), a 4 + 
diagrammatic method [green 9513 - | 

open squares (23)], a Noziéres- ? . 
Schmitt-Rink approximation oi aie <i 
[blue open triangles (21)], and YS 26 WNT ee ] Pe 
the BCS mean-field theory (solid = 1 = 
blue line). (Inset) Zoom on the ~S 15 7 | a 


BCS side. (B) EoS in the canon- 
ical ensemble &(1k-a) (solid 
black line) deduced from the 
Padé-type approximants to the 
experimental data As®° and 
hs"** plotted in Fig. 2. Fixed- 


Node Monte-Carlo theories: red 
squares (24), blue circles (25), 
and green triangles (26). 


macroscopic properties of the balanced super- 
fluid in the BEC-BCS crossover and is displayed 
in Fig. 2 as black dots. 

To extract relevant physical quantities, such 
as beyond mean-field corrections, it is convenient 
to parametrize our data with analytic functions. In 
this pursuit, we use Padé-type approximants (6), 
interpolating between the EoS measured around 
unitarity and the well-known mean-field expan- 
sions on the BEC and BCS limits. The two 
analytic functions, BCS and hBEC, are respec- 
tively represented in blue and red solid lines in 
Fig. 2 and represent our best estimate of the EoS 
in the whole BEC-BCS crossover. 

On the BCS side, (5) < 0, AB°S yields the 
following perturbative expansion of the energy in 
series of ka 


3 10 
B= 3NEr(1 t okra 0.18(2)(kpa)? + 
Tl 


0.03(2) (kea)> + a) (4) 
where N is the total number of atoms, E; is the 
Fermi energy, and where by construction of 18°, 
the mean-field term (proportional to ka) is fixed to 
its exact value 10/9x. We obtain beyond mean- 
field corrections up to the third order. The term pro- 
portional to (kya)” agrees with the Lee-Yang (9, 10) 
theoretical calculation 4(11—2log2)/2 In” = 0.186. 
The third-order coefficient also agrees with the 
value 0.030 computed in (//). 

Around unitarity, the energy expansion yields 


B= NBe(§ oe: ‘) (5) 

5 kra 
We find the universal parameter of the unitary 
T = 0 superfluid, €, = 0.41(1) with 2% accuracy. 
This value is in agreement with recent calculations 
and measurements (/). Our thermodynamic mea- 
surement C = 0.93(5) can be compared with a 


recent experimental value C = 0.91(4) (72), as well 
as the theoretical value € = 0.95 (/3), both of them 
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Fig. 4. Effective mass m*/m of 
the polaron in the BEC-BCS 
crossover (black dots). The blue 
dashed line is a calculation from 
(29), red open squares (30), 
green dot-dashed line (26), 
and blue solid line (31). Mea- 
surements at unitarity through 
density profile analysis [blue 
triangle (3)] and collective modes 
study [brown empty circle (7)] 
are also displayed. (Inset) Phase 
diagram of a zero-temperature 
imbalanced Fermi gas in the 
BEC-BCS crossover. The blue 
line is the theoretical value of 
A (26, 29, 30) that sets the 


separation between the partially 
polarized (PP) and the fully 
polarized (FP) phases. Black 
dots are the measured values 


of 1, (as in Fig. 1A), which set the separation between the superfluid (S) phase and the partially polarized 
phase. The red line is the calculation of n, using our EoS of the superfluid and the model (Eq. 8) for the normal 
phase. The green squares are lower bounds of n, given by the values of the gap measured in (33); see (6). 


obtained through the study of the pair correlation 
function. This experimental agreement confirms 
the link between the macroscopic thermodynamic 
properties and the microscopic short-range pair 
correlations, as shown theoretically in (74). 

In the BEC limit, the energy of the superfluid 
is that of a weakly interacting Bose-Einstein con- 
densate of molecules (9, 15) 


N nh? aga 
E=—-FE,4+N 
7 a + 2m 


18 6S 
x nt l+ isa Nyy +... (6) 


where ayy = 0.6a is the dimer-dimer scattering 
length (7) and n is the dimer density. The term 


in ,/na3, is the well-known Lee-Huang-Yang 


(LHY) correction to the mean-field interaction 


between molecules (9, /5). Signatures of beyond 
mean-field effects were previously observed 
through a pioneering study of collective modes 
(/6) and density profile analysis (/7), but no 
quantitative comparison with Eq. 6 was made. 
Fitting our data in the deep BEC regime with Eq. 6, 
we measure the bosonic LHY coefficient 4.4(5), in 
agreement with the exact value 128/15./n ~ 4.81 
calculated for elementary bosons in (9) and 
recently for composite bosons in (/5). 

Having checked this important beyond mean- 
field contribution, we can go one step further 
in the expansion. The analogy with point-like 
bosons suggests that the next term should be 


written as (4m — 3V3)na3,,(log(na>,) + B)| 


(6, 18, 19). Using hBEC (8) (Fig. 2) (6), we deduce 
the effective three-body parameter for composite 
bosons B = 7(1). Interestingly, this value is close 
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to the bosonic hard-sphere calculation B = 8.5 
(20) and to the value B ~ 7.2 for point-like bosons 
with large scattering length (/9). 

Our measurements also allow direct compar- 
ison with advanced many-body theories devel- 
oped for homogeneous gases in the strongly 
correlated regime. As displayed in Fig. 3A, our 
data are in agreement with a Noziéres-Schmitt- 
Rink approximation (2/) but show significant 
differences from a quantum Monte-Carlo calcu- 
lation (22) and a diagrammatic approach (23). 
The measured EoS strongly disfavors the predic- 
tion of BCS mean-field theory. 

Comparison with Fixed-Node Monte-Carlo 
theories requires the calculation of the EoS 
€(1/kpa) in the canonical ensemble 


N 
l E-—E, 
‘(ial a (7) 
Fa =NEr 


that is deduced from AB (8) and ABEC(8) (6). As 
shown in Fig. 3B, the agreement with theories 
(24-26) is very good. 

We now discuss the EoS of the partially 
polarized normal phase (black points in Fig. 1). 
At low concentrations, we expect the minority 
atoms to behave as noninteracting quasiparticles, 
the fermionic polarons (27). The polarons are dressed 
by the majority Fermi sea through a renormalized 
chemical potential u. — A(6,)u; (28) and an 
effective mass m*(5) (26, 29, 30). Following a 
Fermi liquid picture, we propose to express the 
gas pressure as the sum of the Fermi pressure of 
the bare majority atoms and of the polarons (4). 


m*(8)\ > 5 
n(n) = 14+ (EZ) —4ay)*? 
(8) 


Our measured EoS agrees with this model at 
unitarity and on the BEC side of the resonance 
(Fig. 1), where for m*(5,) we use the calculations 
from (30, 31). On the BCS side of the resonance, 
however, we observe at large minority concen- 
trations an intriguing deviation to Eq. 8. In the 
BCS regime, the superfluid is less robust to spin 
imbalance. Consequently, the ratio of the two 
densities 1,/n2 in the normal phase becomes 
close to unity near the superfluid/normal bound- 
ary 1.. The polaron ideal gas picture then fails. 

Alternatively, we can let the effective mass 
m* be a free parameter in the model in Eq. 8 in 
the fit of our data around n = A. We obtain the 
value of the polaron effective mass in the BEC- 
BCS crossover (Fig. 4). 

An important consistency check of our study 
is provided by the comparison between our 
direct measurements of n,(5;) (from Fig. 1, black 
dots in the inset of Fig. 4) and a calculated n.(6;) 
from Eq. 8 and the EoS of the superfluid hs. 
Assuming negligible surface tension, the normal/ 
superfluid boundary is given by equating the 
pressure and chemical potential in the two 
phases. This procedure leads to the solid red line 
in the inset of Fig. 4, in excellent agreement with 


the direct measurements. In addition, by integrat- 
ing our measured EoS of the homogeneous gas 
over the trap, one retrieves the critical polariza- 
tion for superfluidity of a trapped gas, in agree- 
ment with most previous measurements (6). 

We have measured the equation of state of a 
two-component Fermi gas at zero temperature in 
the BEC-BCS crossover. Extensions of our work 
include exploring the thermodynamics of the far 
BEC region of the phase diagram where a new 
phase associated with a polarized superfluid 
appears (/7, 26), mapping the EoS as a function 
of temperature, and investigating the influence of 
finite interaction range, which is playing a key 
role in higher-density parts of neutron stars. 
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Nanoscale Three-Dimensional 
Patterning of Molecular Resists 
by Scanning Probes 


David Pires,? James L. Hedrick,” Anuja De Silva,? Jane Frommer,” Bernd Gotsmann,* 
Heiko Wolf,* Michel Despont,’ Urs Duerig,* Armin W. Knoll** 


For patterning organic resists, optical and electron beam lithography are the most established methods; 
however, at resolutions below 30 nanometers, inherent problems result from unwanted exposure of the 
resist in nearby areas. We present a scanning probe lithography method based on the local desorption of a 
glassy organic resist by a heatable probe. We demonstrate patterning at a half pitch down to 15 
nanometers without proximity corrections and with throughputs approaching those of Gaussian electron 
beam lithography at similar resolution. These patterns can be transferred to other substrates, and 
material can be removed in successive steps in order to fabricate complex three-dimensional structures. 


jo date, a wide variety of techniques has 
been available for nanofabrication (/), 
including electron beam lithography (EBL) 


and scanning probe lithography (SPL) (2-4) as 
direct-write methods. Although EBL is used in 


critical applications such as the fabrication of 
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masks for optical lithography (5), the fabrication 
of patterns at resolutions below 30 nm with EBL 
is difficult because of proximity effects (6). The 
throughput also scales unfavorably as the resolu- 
tion is increased (7-9). Scanned probes are 
inherently capable of addressing surfaces with 
subnanometer precision. This capability has been 
exploited to create patterns with atomic resolu- 
tion with a scanning tunneling microscope 
(STM) (70), albeit at extremely low patterning 
speeds. 

In SPL, the close proximity of the tip to the 
substrate opens up multiple ways to modify the 
sample by the tip at resolutions below 50 nm 
(2-4). We demonstrate the use of a heated tip to 
locally desorb material from a thin film of an 
organic molecular glass. Structuring of organic 
materials as resists is our preferred strategy, be- 
cause it follows the same philosophy as wafer- 
scale lithography methods in complementary 
metal-oxide semiconductor technology and en- 
ables the transfer of the pattern into arbitrary 
underlying substrates (e.g., by etching techniques). 
The approach avoids large stresses on the tip, such 
as are needed for plowing (//) or ultrasonic re- 
moval of material (/2), and also mitigates the 
problem of piling up of excess material inherent in 
these approaches. Moreover, it does not require a 
conductive substrate in close proximity to the tip, 
as is necessary for current-induced depolymeriza- 
tion (13), field-induced deposition (/4, 15), or 
field emission from the tip (/6, 17). 

Heated tips have already been used for 
patterning resists by removing covalently bound 
material (/8, 19) and by inducing local chemical 
modifications (20, 2/). However, cleavage of a 
chemical bond by a heated tip at very fast time 
scales is difficult because of the large energetic 
barriers of covalent bonds. Instead, we chose a 
resist material in which organic molecules are 
bound by hydrogen-bonding interactions into a 
glassy bulk state. The H bonds provide sufficient 
stability to the material for imaging and process- 
ing, but are sufficiently weak to be efficiently 
thermally activated by the hot tip. 

The molecular structure of the resist used here 
is shown in Fig. 1C (22). Similar molecules have 
been designed as high-resolution photoresists 
(23, 22), and their relatively low molecular weight 
enables physical vapor deposition (PVD) of the 
material (24). The material under study has a 
molecular weight of 715 g/mol and a PVD tem- 
perature of ~220°C. Six hydroxy groups are 
located at the periphery of the molecule and give 
rise to numerous hydrogen-bonding interactions 
in the bulk of the material, as inferred from the 
high glass transition temperature T, of 126°C. 

The patterning principle (25) is shown in Fig. 
1, A and B. The structure to be written was defined 


4IBM Research-Zurich, Sdumerstrasse 4, 8803 Riischlikon, 
Switzerland. 7IBM Research-Almaden, 650 Harry Road, San 
Jose, CA 95120, USA. 31BM Research—Watson, T. J. Watson 
Research Center, Yorktown Heights, NY 10598, USA. 


*To whom correspondence should be addressed. E-mail: 
ark@zurich.ibm.com 


by a pixel set. At each pixel of the programmed 
pattern (red outline in Fig. 1, A and B), a force 
and a temperature stimulus were applied to the 
cantilever, which pulled the tip into contact 
from its rest position of ~300 nm above the 
surface (Fig. 1A) and induced the evaporation 
of a controlled amount of organic material (Fig. 
1B). The heat and the force stimuli were pro- 
vided by voltage pulses V;, and V-, applied to a 
resistive heater coupled to the tip and to the 
substrate for electrostatic actuation, respective- 
ly. For a given interaction time (i.e., pulse du- 
ration), the depth of a written pixel depended 
on the applied force and temperature, as shown 
in Fig. 1D for pulse durations of 5.5 us. The 
temperature given refers to the heater temper- 
ature Theater. The actual increase relative to room 
temperature (R7) in resist temperature below 
the tip apex was (Thesiss — RT) = 0.4 to 0.5 (Theater — 
RT) (26). 

Two temperature regimes could be identified 
that were separated by a marked change in the 
sensitivity of pixel formation on the applied 
force. Below a threshold of ~330°C, the force- 
temperature characteristics were as expected for 
hot embossing (26, 27). For a given indent depth, 
the graphs are linear and converge to a common 


REPORTS 


intersection point at ~350°C, as expected for a 
material with a 7, of 126°C (/8). The indentation 
characteristics changed drastically if a heater 
temperature greater than ~330°C was applied. 
This transition marks the softening temperature 
of the material at a microsecond time scale and 
the crossover from an embossing regime to a 
regime of effective material removal (Fig. 1D). 
Above this threshold, sufficient thermal energy 
is provided to the material for breaking the hy- 
drogen bonds at the microsecond time scale, 
allowing the molecular constituents to become 
mobile and escape from the surface. Experi- 
mental evidence supports a model in which the 
molecules diffuse along the tip into hotter tip 
regions, where the molecules are evaporated 
into the environment (25). 

Figure 2 summarizes the results achieved 
using the patterning process. For the pattern 
shown in Fig. 2A, a total of 3.6 x 10* pixels were 
written at a pitch of 29 nm, resulting in uniformly 
recessed structures of 8 + 1 nm depth, as evi- 
denced by the depth histogram shown in Fig. 2C. 
The quality and uniformity of the patterning 
process can be seen in Fig. 2B and fig. S4. Each 
pixel of the programmed pattern, indicated by the 
red line, is well resolved. The depth of the pixels 


100 


Fig. 1. Patterning principle. (A and B) 
Schematics of the writing process. Voltages 
V, and VY; control the writing temperature 


100 


Mechanical 
indentation 


200 300 400 


Force (nN) 


500 600 


and the electrostatic force, respectively. If no voltage is applied (A), the tip rests 300 nm above the 
surface. A pixel in the programmed bitmap (red outline) is written by simultaneously applying a force and 
temperature pulse for several microseconds. The force pulse pulls the tip into contact while the heat pulse 
heats the tip and triggers the patterning process. (C) Molecular structure of the phenolic compound used 
as resist. (D) Equi-depth lines of the pixels created in the resist upon single exposure events as a function 
of applied temperature and force. The dashed line indicates the writing threshold, determined by 
extrapolation to zero depth. Two regimes are separated by a threshold temperature of ~330°C. Below the 
threshold, the resist is mechanically deformed; above the threshold, it is efficiently removed. 
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Fig. 2. Patterning of the mo- A 
lecular glass resist. (A) Topo- 
graphic image of a pattern 
written into the molecular glass 
resist using a pixel size of 29 nm. 
Force and heat-pulse durations 
of 5.5 us, a tip heater temper- 
ature of 300° + 30°C, anda 
force of 80 + 10 nN were ap- 
plied for each pixel. (B) Close- 
up of the red box shown in 
(A), demonstrating the feature 
quality of the writing process. 
The red outline corresponds to 
the shape of the programmed 
image and is shifted relative to 
the real pattern for clarity. (C) 
Depth histogram of (A). The 
patterning depth is 8 + 1 nm. 
(D) A field of dense lines at a 
line pitch of 40 nm written into 


a molecular glass film 20 + 2 nm thick. One quadrant is written at half the line 
pitch (i.e., at 20 nm pitch). A pixel pitch of 10 nm, a tip heater temperature of 
500° + 30°C, and a force of 100 + 10 nN were used. (E) Same as the top panel 


is the same regardless of the existence of written 
or unwritten neighboring pixels. In other words, 
at a pitch of 29 nm, proximity effects were ab- 
sent. In the patterning process, a total volume of 
~0.2 um? was removed from the surface, which 
is more than 10° times that of the tip apex of 
~1000 nm?. However, no traces of displaced or 
redeposited material were detected either on the 
sample or at the tip. The efficiency of the process 
suggests that the molecules are removed without 
breaking covalent bonds and creating reactive 
species, which typically lead to tip contamina- 
tion (25). 

The achievable resolution increased with 
decreasing patterning depth. Figure 2, D to F, 
shows the result of high-resolution patterning at a 
depth of ~6 nm. A dense line pattern written at 
varying pitch was chosen to study the transition 
from single-line patterning to complete removal 
of material within a given area. For this ex- 
periment, pre- and post-heating of the tip for 2 
and 3 us, respectively, were applied at a force 
pulse duration of 5 us to reduce thermal expansion 
and contraction of the cantilever structure during a 
patterning event. The average depth of the single 
lines and the average height of the topography 
between adjacent lines are shown in Fig. 2F. The 
error bars correspond to standard variations of the 
respective values. The depth of the lines has a 
constant value of ~6 nm, independent of the 
distance to neighboring lines. Down to a half pitch 
of 15 nm, the height of the topography between 
the lines was unaffected at the level of the 
unwritten resist surface; that is, any interference 
or proximity effects of neighboring lines were 
absent. Decreasing the half pitch further to 10 nm 
led to a reduction of the interline topography and 
enabled patterning of a flat, recessed area having a 
depth corresponding to the depth of the single 
lines (Fig. 2D). If we define the resolution of the 
process as the half pitch of fully separated dense 
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lines, a resolution of ~15 nm was achieved using a 
tip with an apex radius of ~S nm. The resolution 
can be further increased by using sharper tips or at 
the cost of a shallower pattern formation. In 
general, a finite value of the patterning depth is 
required to enable further processing—for exam- 
ple, for transferring the pattern into the underlying 
substrate or hard mask as described below. 

For device fabrication, the structure depth in 
the target substrate must substantially exceed the 
depth of the patterns described above. For ex- 
ample, according to the International Technology 
Roadmap for Semiconductors, for the 22-nm 
node, a pattern in a resist 45 to 80 nm thick is 
required (28). A hard-mask strategy (25) has 
been adopted to amplify the pattern first into a 
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of (D) at a pitch of 60 nm (one quadrant is written at 30 nm pitch). (F) Depth of 
the written lines (open symbols) and height of the topography as measured 
between adjacent lines (solid symbols). 
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Fig. 3. Pattern transfer into silicon. (A) SEM image of the pattern shown in Fig. 2 transferred 400 nm 
deep into silicon. (B) Tilted view of the structure indicated by the red box in (A). (C) Zoom into a similar 
structure as shown in (A) but written at half the pixel pitch. The smallest lines fabricated in silicon had a 
width of ~30 nm. 


resist layer of adequate thickness and subse- 
quently into the silicon substrate. In short, the 8- 
nm-deep pattern within the molecular glass is 
first transferred into a 3-nm-thick silicon oxide 
hard mask by means of reactive ion etching 
(RIE). Subsequently, the hard mask serves as an 
etch-selective layer for the pattern transfer 70 nm 
deep into a poly(styrene-r-benzocyclobutene) 
(PS-BCB) (29) transfer layer. 

At this stage, the required amplification into a 
thicker polymer layer was achieved, and different 
strategies could be implemented for further 
processing, such as deposition and liftoff of 
metal layers. Here we chose to transfer the 
pattern into the silicon substrate by another RIE 
process (25). Shown in Fig. 3, A and B, are 
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Fig. 4. Three-dimensional pattern- 
ing. (A) AFM scan of the replica of 
the Matterhorn written into the molec- 
ular glass (3D data source: geodata © 
swisstopo). The structure was written 
using 120 steps of layer-by-layer re- 
moval. (B) Photograph of the Matterhorn 
in Switzerland (photographer: Marcel 
Wiesweg; source: Wikimedia). (C) AFM 
image of a Matterhorn replica trans- 
ferred into silicon. 
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scanning electron microscopy (SEM) images of 
the final pattern in silicon as obtained after transfer 
of the pattern shown in Fig. 2A. The depth of the 
final structure in silicon is enhanced by a factor of 
50 and amounts to more than 400 nm. 

During the etch process, the pattern quality 
was maintained and only a fine rounding of the 
edges in the IBM logo was observed, caused by a 
slight over-etching. The large amplification en- 
ables the fabrication of high-aspect-ratio struc- 
tures from the low-aspect-ratio SPL master. The 
same pattern as shown in Fig. 2A was written at 
half the pixel pitch (i.e., 15 nm), and a part of the 
final pattern in silicon is shown in Fig. 3C. The 
thickness of the walls between the patterned areas 
is 33 nm in the final silicon structure. As a result, 
vertical walls 33 nm thick and ~400 nm tall were 
fabricated, corresponding to an aspect ratio of 
>10 (30). 

Material removal can be done in stages so that 
three-dimensional structures can be fabricated, as 
shown in Fig. 4. A given three-dimensional 
structure is processed into the resist by removing 
successive layers of defined thickness from the 
same sample area. A pyramid was created (fig. 
S6) with linear side walls, sharp edges, and a 
pointed tip. It demonstrates that each patterning 
step is reproducible and independent of the 
already existing structures created in preceding 
steps. By exploiting these properties, highly 
detailed and complex shapes can be reproduced. 
We fabricated a nanoscale replica of the Swiss 
mountain Matterhorn (Fig. 4B) in a 100-nm- 
thick molecular glass film (Fig. 4A). The 
patterning was achieved in 120 steps, resulting 
in a structure 25 nm tall (see also movie S1). Fine 
details of the original are reproduced in the 
nanometer-scale replica. The conformal repro- 
duction of the original proves that the final 
structure is a linear superposition of well-defined 
single patterning steps. The result of a direct 
transfer of a similar structure into the underlying 
substrate is shown in Fig. 4C. Using a mixture of 
SF. and CyFg as etch gas provides a height 
amplification of the structures into silicon by a 
factor of ~3. 

Areal throughputs in the range of 5 x 10* 
um?/hour are achievable today assuming a duty 
cycle of 50%, which is sufficient for rapid proto- 
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typing applications in nanotechnology and ap- 
proaches the throughput of EBL at similar 
resolution (7). High parallelization of a similar 
process using the same levers has been developed 
for a thermomechanical probe data storage sys- 
tem (3/), enabling a potential throughput en- 
hancement proportional to the number of levers 
operated at the same time. Assuming 1000 levers 
in parallel leads to throughput numbers that can- 
not be achieved by any other direct-write tech- 
nology to date at the same resolution. At the same 
time, the direct development method offers in 
situ inspection and, potentially, in situ repair of 
structures not fully reproduced. Proximity effects 
are absent at pixel dimensions of ~15 nm and 
higher. Therefore, no computationally elaborate, 
substrate-dependent adjustment of the exposure 
dose is needed. Moreover, the dry nature of the 
entire patterning process eliminates solvent-related 
problems such as swelling-induced instability or 
drying-induced collapse of dense structures. Fur- 
thermore, the ability to generate three-dimensional 
templates having a nanometer-precise profile is 
a complementary match to nanoimprint lithog- 
raphy (32). 
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In nanoscale metal wires, electrical current can cause structural changes through electromigration, 
in which the momentum of electrons biases atomic motion, but the microscopic details are 
complex. Using in situ scanning tunneling microscopy, we examined the effects of thermally 
excited defects on the current-biased displacement of monatomic islands of radius 2 to 50 
nanometers on single-crystal Ag(111). The islands move opposite to the current direction, with 
velocity varying inversely with radius. The force is thus in the same direction as electron flow and 
acts on atomic defect sites at the island edge. The unexpectedly large force on the boundary atoms 
can be decreased by over a factor of 10 by adding a mildly electron-withdrawing adsorbate, 

Ceo, which also modifies the step geometry. The low coordination of the identified scattering sites 


is the likely origin of the large force. 


hen electrical current passes through a 
\ N wire, the current carriers can scatter off 
of interfaces or defects and_ transfer 
momentum to atoms in these regions, resulting in 
biased diffusion of mobile atoms. This electro- 
migration force is so small that it may result in a 
directional bias in fewer than one in 10 million 
diffusion steps, but the cumulative effects gener- 
ate micrometer-scale voids in the small metal 
wires in modern electronics (/, 2). At the nano- 
scale, electromigration forces may be equally 
destructive but also provide opportunities for 
control of structure as in nanogap formation (3), 
for driving dopants into nanowires (4), and for 
coupling electrical signals to atomic fluctuations 
(5, 6). We used scanning tunneling microscopy 
(STM) to observe the biased displacement of me- 
tallic islands in the presence of an applied current 
(Fig. 1A) so as to correlate the magnitude of the 
electromigration force to specific atomic struc- 
tures, in this case “kink” sites at step edges. Using 
a step-continuum analysis, we quantified the site- 
resolved atomic force and found that the electro- 
migration effects are much stronger than had been 
expected theoretically for non-kinked step edges. 
Observations of mass diffusion due to electro- 
migration under extremely high current densities 
(>10'3 A/m?) have been presented for nano-gap 
formation (7, 8); however, the complex geometries 
involved are not amenable to extracting quanti- 
tative information by modeling mass flow. The 
alternative approach of using theoretical under- 
standing to quantify electron scattering at surface 
and interface defect sites requires an evolution 
from classical descriptions of bulk electro- 
migration. The classical approaches use mean- 
field methods and must be reframed in terms of 
atomic structures, their local electron density, and 
nonequilibrium transport characteristics in order 
to understand electron scattering and electromi- 
gration in nanoscale structures. 
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In this study, the direct observation of the 
biased displacement of nanoscale structures pro- 
duced a quantitative value for the electromigra- 
tion force that can be identified with a specific 
type of structural defect, independent of assump- 
tions about the bulk electrical properties. The 
test systems consist of silver (Ag) islands con- 
taining between 100 and 100,000 atoms. Elec- 


A 


50 nm 


trical current (defined, as is standard, as being in 
the opposite direction to electron flow) through 
the substrate provides momentum transfer to the 
atoms in the islands, yielding a response that 
depends on the diffusion mechanism (9). Because 
surface diffusion is easiest for free atoms on ter- 
races (Dry) or via thermally excited atomic-scale 
kinks at island edges (D,), island displacement is 
most likely to occur via atomic attachment to or 
motion along the island edges. As a result, island 
motion does involve a shifting center of mass 
(COM) but not the net simultaneous displace- 
ment of all the atoms in the island. 

The electromigration force can move an island 
via atomic motion in two different ways (Fig. 1B). 
Freely diffusing atoms on the terrace experience 
a drift velocity (vem = DyF/kpT, where F is the 
electromigration force, kg is the Boltzmann 
constant, and 7 is temperature), creating a net 
flux of atoms onto one side of the island and a 
corresponding flux away from the opposite side. 
The resulting net displacement of the island’s 
COM will be opposite the electromigration force, 
and (for a given electromigration force) the 
velocity of the island will be determined by the 
atomic flux per unit length of the island edge and 


Fig. 1. (A) Schematic drawing of the experimental setup. (B) Schematic illustration of two mechanisms 
(top, attachment/detachment; bottom, edge diffusion); whichever mechanism biases the displacement of 
mass from one end of an island to the other shifts the COM. The starting positions of atoms are light blue; 
the end positions are dark blue. (C) SEM image of the experimental setup: Ag stripes and scanning tip. In 
the middle of the image, bright stripes are Ag stripes. STM images are obtained over the central part of the 
middle stripe as shown in the inset, which is a zoom-in SEM image of the STM tip and Ag stripe. (D) STM 
topography image of the surface Ag stripes after sputtering procedure. The image size is (500 x 500) nm*, 
and the tunneling current is 52 pA with a sample bias of —1.87 V. 
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is thus independent of island size. Alternatively, 
the island will move if the force preferentially 
moves atoms along its edges from the “upwind” 
side to the “downwind” side. In this case, the dis- 
placement of the COM is opposite to that of 
terrace diffusion case. For edge diffusion, the island 
displacement is parallel to the electromigration 
force, and (for a given electromigration force) the 
COM velocity is determined by the island radius. 
A combination of the direction of island displace- 
ment and quantitative dependence of the rate of 
displacement on the island size yields both the 
mechanism and the magnitude of the force (9). 
To study these two cases, it was necessary 
to maximize the current density 7 while minimiz- 
ing Joule heating, which otherwise drives the 
rates of nanostructure evolution past the point of 
observability by STM. The Ag thin film is 
shadow mask—patterned in stripes, with a width 
of ~50 um and thickness of ~350 nm (Fig. 1C). 
The stacks of adatom islands or vacancy is- 
lands range in height (or depth) from five to 
eight monatomic layers (Fig. 1D). Starting with 
this surface morphology, we applied direct 
current to the stripes. After thermal stabilization 
(about 30 to 40 min), we located the STM tip 
onto the middle area of the stripe and then mea- 
sured the displacement of monatomic islands 
with the direct current still applied. Additional 
precautions relevant for these STM measurements 
are discussed in (/0). For the step-bending mea- 
surements, samples were also prepared with 


Fig. 2. Biased displace- 
ment of monolayer islands 
driven by electromigration 
force at T= 318 K. Shown 
for comparison are image 
pairs for monolayer islands 
that were measured in 
exactly the same area but 
with different current di- 
rections. In (A) and (B), in 
which the current direction 
is downward, the island 
displacement is upward, 
whereas the island dis- 
placement is downward 
in © and (D), in which 
the current direction is up- 
ward. The shrinking island 
size seen in both pairs of 
images is a thermal effect; 
the same shrinking occurs 
at this temperature with- 
out the electrical current 
present. The blue arrows 
indicate the direct current 
direction, and the orange 
arrows indicate the direc- 
tion of electron flow. The 
image size is (500 x 


— 


precisely controlled C¢o decoration of the step 
edges (//). 

At a current density of 6.7 x 10° A/m? and a 
sample temperature of 318 K (/0), the biased 
displacement can be observed by comparing 
sequential STM images, as in the still frames, 
from movie S1, shown in Fig. 2. 

These results are quantified in Fig. 3, in 
which the COM of the islands is shown as a 
function of time for current applied in the pos- 
itive and negative y directions. The initial posi- 
tion of the front edge of each island is shown 
by the horizontal line. The biased displacement 
is demonstrated by the strong anisotropy of the 
displacements in the parallel and the perpendic- 
ular directions (y and x), which is dramatically 
different from Brownian motion of islands with- 
out a biasing current (/2). In the perpendicular 
(x) direction, there is no net displacement. In the 
parallel () direction, the measured displacement 
is up to 90 nm, limited by the time for the islands 
to totally decay (~1700 s). The island displace- 
ment is parallel to the direction of electron flow. 
During the measurements, the island area de- 
creases linearly with time (Fig. 3B), which is 
similar to the linear decay behavior of isolated 
islands (/3) and different from the nonlinear de- 
cay of islands bounded by three-dimensional stacks 
of concentric terraces (14, 15). The island decay 
provides a natural method for evaluating the de- 
pendence of the drift velocity on island size, for 
comparison with theoretical prediction (9). 


ee 4Y=51.8 nm 


At= 1080s 


500) nm*. (E) and (F) schematically illustrate the island displacement that is due to the force on 
edge atoms, in which the blue atoms are the substrate, the lighter blue atoms are those in the bulk of 
the island, and the green atoms are diffusing edge atoms of the island. The small dark red dot indicates 


the COM of the monolayer island in (A) to (F). 
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From the displacement measurements, the 
drift velocity of the islands was calculated by 
averaging the slopes of two adjacent position-time 
points without smoothing. The range of island 
velocities is from 0.02 nm/s to 0.12 nm/s, which 
can be compared with the step velocity at copper 
(Cu) grain boundaries of ~5 nm/s at approxi- 
mately four-times-larger current density (/6). 
The correlation of the velocities with the island 
radii is presented in Fig. 3C and shows a strong 
velocity-radius dependence. The black solid line 
is a one-parameter fit of the experimental data to 
v = CIR, where C is a physical constant (Eq. 1) 
and R is the island radius, yielding C = 1.93 + 
0.09 nm?/s. An inverse radius dependence of the 
velocity has been predicted for island displace- 
ment biased by motion of atoms around the 
edges of the island (9) in contrast with the 
constant velocity predicted for a pure attachment/ 
detachment mechanism. An edge-diffusion mech- 
anism is also consistent with previous measure- 
ments (/7) of island edge and step fluctuations 
on Ag(111), which have shown that the domi- 
nant mode of Ag mass transport is via edge 
diffusion in this temperature range. Lastly, the 
measured decay rate [dA/dt = —B, where B is a 
physical constant (/0)] and COM velocity (v = 
C/R) for the circular islands was combined and 
integrated to yield the time-dependent positions 
of the front and back edges of the island, as 
shown by the solid curves in Fig. 3D. These 
results confirm the mechanism of island dis- 
placement as step-edge diffusion and thus the 
origin of the electromigration force as electron 
collisions. 

The expression for the island drift velocity 
resulting from atomic diffusion around the edges 
is (9) 


aD, F 
— 1 
ee TR (1) 


where a is the lattice constant. Given the mea- 
sured product of v and R above, and assuming 
an isotropic island edge, F can be calculated 
given the edge diffusion constant D,. Previous 
measurements of step fluctuation dynamics (/8) 
and calculations of the island-edge free energy 
(9) show that the value of D,, depends strong- 
ly on the orientation of the island edge (/0). 
The edge diffusion constant for high-symmetry 
(straight) step edges is D,_, = 1.8 = 10* nm’/s, 
whereas diffusion on low-symmetry (rough) step 
edges is much more difficult, with an average 
value of Dy» = 4.1 x 10° nm’/s, with uncertainty 
(1 SD) of ~40% on the values. The actual island 
shape consists of straight edges joined by rounded 
comers. A lower limit for F’ can be obtained by 
assuming the largest diffusion constant, that of the 
straight edges, yielding |Finin| = 0.012 meV/nm 
(Fmin/jbuud = 1.8 x 10 * eV cmV/A, where ju is 
the bulk current density). However, the diffusing 
atoms must traverse the rough regions of the 
island edge in series with the straight regions, 
suggesting that a higher value of F' is needed to 
generate the measured island speed. Analysis of 
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the island shape (/0) shows that ~27% of the 
island edge is rough. Calculating an effective dif- 
fusion constant as 1/Dy_ = 0.73/Dy, + 0.27/D.. + 
gives Dy eg = 1.4 x 10° nm?/s, and the cor- 
responding F magnitude is 0.15 + 0.06 meV/nm. 
Normalizing this to the bulk current density gives 
Fijounc | = 2.2 x 107 eV cm/A. 

This value is strikingly larger than the ex- 
pected force on a step on Ag(111), which should 
be approximately one and a half to two times 
as large as that for a Ag adatom on Ag(111) 
(20), for which |F/jpu = 3.0 x 10° eV cm/A. 
It is also larger than calculated values in other 
systems, such as for vacancy migration in Cu 
(21), for which |F/jpund = 6.6 x 10> eV em/A, 
or the scattering force in a single-atom-wide 
chain of silicon (Si) atoms, for which |F/jpunl = 
1 x 10 * eV cm/A (22). Instead, the magnitude of 
Fou is comparable with calculations for ions 
in carbon nanotubes (4) gated into strong con- 
ductance and is consistent with estimates that 
are based on experimental measurement of the 
electromigration-biased fluctuations of steps on 
Ag(111) (23). These values are shown in Table 1. 

We modified the electronic environment of 
the step edge (24) by means of adsorption of 
C60, which is known to withdraw electrons from 
Ag (25). Ceo decorates step edges, and qualitative 
observation of the morphology of the decorated 
surface shows dramatic changes under the same 
current density (6.7 x 10° A/m?) (/0). The dec- 
orated steps change orientation, with the steps 
moving from the perpendicular to parallel to the 
current direction during observation. To quantify 
this effect, we identified pinned steps in which 
step curvature is reproducibly altered by the elec- 
tromigration force (Fig. 4A). The arrow in each 
image indicates the current direction. The step 
bends against the current direction, and thus in 
the direction of the electron flow, so that the 
decorated step looks like a sail bowing under the 
wind. Similarly to the equilibrium (no current)— 
decorated island edges (//), the decorated steps 
here also fluctuate. To obtain the steady-state con- 
figuration (Fig. 4B), more than 10 images were 
averaged to quantify each configuration. 

The changes in step shape are caused by 
displacement of Ag atoms under the electro- 
migration force, which is equivalent to an imposed 
gradient in chemical potential (26) 


F = —du/ax (2) 


where F is applied in the x direction and 1 is the 
local chemical potential. Atomic motion under this 
chemical potential gradient will be opposed by the 
Gibbs-Thomson effect, which is the change in step 
chemical potential attributable to curvature. On 
(111) surfaces, the explicit relation between the 
step chemical potential and the curvature « is 
p= “Bir () 
where 8 is the step stiffness. From our previous 
study on decorated island fluctuations, we have 
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Fig. 3. (A) The displacement of island mass centers as a function of time. Here the y axis is parallel to the 
current direction, and the x axis is perpendicular to the current direction. The red and blue data (—/ and +/) 
correspond to current in the y— and y+ directions, respectively. The horizontal lines indicate the initial position 
of the front edge of each island. (B) Island areas as a function of time. The solid lines are linear fits and yield 
the decay rate —5.76 + 0.11 (nm7/s) for the -/ direction island and —5.13 + 0.20 (nm7/s) for the +/ direction 
island. (C) Drift velocity as a function of the island radius. The solid black line is one parameter fit, v= C/R. The 
best fitting parameter is C = 1.93 + 0.09 (nm?/s). (D) The position of the front edge (squares), COM (triangles), 
and back edge (circles) of the —/ direction island. The curves are calculated by integrating the two relationships 
dA/dt = —B and v = CIR (Eq. 1) and using the measured values of B = 5.8 nm“/s and C = 1.9 nm?/s, 


Table 1. Comparison of representative values of the electromigration force, shown using several 
commonly used presentations: Fijpu Z* = FlefpuPbutkr ANd Oop = Fe/MVe ju, where e is the 
magnitude of the electron charge. The values shown for the clean island edge include the effects of 
edge roughness. The lower limits obtained by neglecting edge roughness are 1/12.5 times smaller. 


lFéjouucl 


* 2 

System ie¥ cans) Iz*I Gere (nM*) Reference 

Vacancy ii DUE CM, 6.6 x 105 39 1.2 x 107 (20) 
calculated 

lon in gated carbon 3 
nanotube, calculated one Te 4) 

Atomic Si wire, ~11x 107 (21) 
calculated 

Ag atomvan Ag’), 3.0 x 10°5 17 6.1% 107 (19) 
calculated 

Step edge on Al, 3 (27) 
calculated 

Step edge on Ag(111), 85 to 255 0.03 to 0.09 (22) 
measured (lower limit) 

Island edge site on 3 1 F 
Ag(111), measured (2.2 + 0.9) x 10 1260 + 500 4.5 x 10 This work 

Coorceedlatedi step edge 1.9 x 104 111 3.9 x 107? This work 


on Ag(111), measured 


B = 0.65 eV/nm (J/, 27). Given the smooth step 
shape, we can determine the local curvature of 
the step configurations. The solid lines in Fig. 4B 
are polynomial fits to the experimental data, from 


which we can calculate the curvature along the 
step. The resulting force magnitude is F = 1.30 x 
10? meV/nm (|Fijpund = 1.9 x 10 * eV cm/A), 
which is obtained by averaging the two config- 
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Fig. 4. (A) STM images of the steady-state configuration of a Cg9-decorated 
step under applied current in two opposing directions. (Inset) Molecular 
structure of the chain of Cg9 molecules. (B) Quantified configuration of the 


urations. So, the force acting on the decorated 
steps is comparable with the lower limit and 
smaller, by slightly more than 1 SD, than the best 
value determined for the electromigration wind 
force on the bare island edges. However, it is still 
substantially larger than calculated values for 
electromigration in metals, and in particular 
about a factor of 4 larger than the expected value 
for a clean step on Ag(111). 

Unlike macroscopic measurements of electro- 
migration effects, the forces measured here are 
identified with a specific atomic structure—in this 
case, that of kink sites (for example, positions 
where thermal excitation has displaced an atom 
from the low-energy configuration) at a step. This 
provides an opportunity to understand this force 
from first principles. In the classical description, 
the surprisingly large magnitude in this case can 
arise from at least three effects: current crowding, 
changes in scattering cross section, and changes in 
local electron density. Current crowding, the 
variation of local current density near constrictions 
in flow path, can cause local increases of up to 
about a factor of 2 in extreme geometries (2/); 
however, the constriction due to current flow 
around the island edge is likely to be more modest. 
The steps of the edge of the island themselves can 
act as a reflecting barrier, increasing the cross 
section for scattering as compared with a free atom 
on the surface by about a factor of at least 1.5 for 
Al(001) (28). Lastly, atomic relaxation at step 
edges causes redistribution of local charge density 
(29, 30), with especially strong enhancement—up 
to a factor of 10 on Cu(532)—near kink sites (24). 
Surface states near steps could influence the mag- 
nitude of the electromigration force by increasing 
or decreasing the electron density near the Fermi 
level. However, a reported unoccupied state on 
Ag(111) occurs well above the Fermi level (37) 
and thus should not affect the behavior of the 
electrons involved in transport, which are near 
the Fermi level. 

The combination of these three effects there- 
fore may account for up to a factor of 20 increase 


Y (nm) 


in the force on kink-site atoms at the island edge 
as compared with that of a free Ag atom. Using 
the value for Ag/Ag(111) in Table 1, this yields a 
force magnitude up to ~10 * eV cm/A, which is 
slightly more than 1 SD below the measured 
value of (2.2 + 0.9) x 10°? eV cmV/A for the bare 
island edges. The measured force decreases with 
the addition of Cgo, possibly through a reduction 
in local valence electron density because of charge 
transfer to the Co or as a result of changes in the 
local kink geometry. Because the kink scattering 
site is much smaller than the mean free path of the 
transport electrons, the effects described above 
should be understood more directly in the context 
of Landauer ballistic conduction (32), coupled 
with nonequilibrium transport calculations (33). In 
Landauer ballistic conduction, the local current 
density rather than the bulk electric field defines 
the scattering environment, and there is a local 
potential drop at each scatterer. The corresponding 
dipole was first observed directly by using scan- 
ning tunneling potentiometric (STP) imaging of 5- 
to 10-nm-scale defects on a thin bismuth (Bi) film 
under current bias (34), and a more recent 
observation of a Ag film on Si has associated 
potential drops with specific step resistivities (35). 
First-principles calculations of the electronic 
structure at defect sites within a nonequilibrium 
transport formalism should yield the transmission 
coefficients for the defect sites directly, allowing a 
full understanding of the variability of the electro- 
migration force with atomic scale structure. 

The mechanisms proposed here to explain 
the large electromigration force are generally ap- 
plicable to defects at surfaces and interfaces. 
Thus, we predict that the large forces revealed 
in this atomically specific measurement of the 
effects of electron scattering at island-edge kink 
sites will be a common nanoelectronic effect that 
is due to ubiquitous interfacial defect structures 
at the nanoscale (3, /6, 36-38). As a result, in- 
teresting structural transformations because of 
kinetic instabilities, previously thought to require 
onerously large current densities (39), may be 
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decorated steps in (A). Each configuration is obtained by averaging more than 
10 images. The red circles and the blue squares are for the left and right 
configurations shown in (A), respectively. 


more generally accessible. The enhanced electron 
scattering will also couple into nanoelectronic 
transport characteristics, with implications for 
reliability, noise, switching, and possibly stochas- 
tic resonance. These and more exotic possibilities, 
such as harnessing the electromigration force for 
work (40), will be predictable as continuing ex- 
perimental and theoretical work leads to a full 
understanding of the relation between atomic 
structure and scattering strength. 
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Viscosity of MgSi03 Liquid at Earth's 
Mantle Conditions: Implications for an 
Early Magma Ocean 


Bijaya B. Karki?* and Lars P. Stixrude” 


Understanding the chemical and thermal evolution of Earth requires knowledge of transport properties of 
silicate melts at high pressure and high temperature. Here, first-principles molecular dynamics 
simulations show that the viscosity of MgSiO3 liquid varies by two orders of magnitude over the mantle 
pressure regime. Addition of water systematically lowers the viscosity, consistent with enhanced 
structural depolymerization. The combined effects of pressure and temperature along model geotherms 
lead to a 10-fold increase in viscosity with depth from the surface to the base of the mantle. Based 

on these calculations, efficient heat flux from a deep magma ocean may have exceeded the incoming 


solar flux early in Earth’s history. 


terrestrial mass and heat transport in Earth’s 
history. Molten silicates would have con- 
trolled the dynamics of the predicted magma 
ocean [a largely or completely molten mantle 
that is expected during Earth’s earliest stages (/)] 
and continue to influence the transport of modern 
magmas at the present. If such a magma ocean 
existed, the rates of initial thermal evolution (via 
convection) and chemical evolution (via crystal 
settling and melt percolation) of Earth’s interior 
would be primarily controlled by the melt viscos- 
ity (2). The ability of melts to carry xenoliths from 
great depths in the mantle (3) also depends on the 
melt viscosity, in addition to melt composition. 
Moreover, melts are considered to be responsi- 
ble for the ultralow velocity zone (ULVZ) in the 
deep mantle detected by seismology (4, 5). 
Despite their importance, transport properties, 
including the viscosity of molten silicates, are 
unknown over almost the entire mantle pressure 
regime, which reaches 136 GPa at the core- 
mantle boundary. Because of experimental dif- 
ficulties, the viscosity of MgSiO; liquid, the 
dominant composition of Earth’s mantle, has 
only been measured at ambient pressures (6). In 
fact, viscosity measurements of any silicate melts 
have been limited to relatively low pressures 


S ilicate liquids likely played a crucial role in 
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(<13 GPa) (7—/2). In many silicate liquids, the 
viscosity depends non-monotonically on pres- 
sure over the range that has been measured, 
making extrapolations highly uncertain. Theoret- 
ical computations serve as a complementary ap- 
proach. Previous calculations were primarily 
based on atomistic models (73-15), which permit 
much faster computation but have the dis- 
advantage of being based on empirical force fields, 
the forms of which are uncertain. On the other 
hand, the first-principles approach is more robust 
because it makes no assumptions about the nature 
of bonding or the shape of the charge density and 


Fig. 1. Time conver- 1.0 
gences of the calculated 
stress autocorrelation 
function (ACF) and vis- 
cosity (inset) of MgSiO; 
melt (without water) at 
different conditions. The 
run durations are 18 ps 
(Vy, 6000 K, 7.5 GPa), 
60 ps (Vy, 3000 K, 1.8 
GPa), 72 ps (0.7Vy, 
3000 K, 25 GPa), and 
172 ps (0.5Vx, 4000 K, 
135 GPa), where Vy is 
the reference volume 
(38.9 cm?mol). 
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is thus in principle equally applicable to the study 
ofa wide variety of materials problems, including 
liquids. We previously calculated the structure 
and thermodynamic properties of MgSi03 and 
MgSiO3-H,0O liquids from first principles (/6, 17), 
finding good agreement with extant experimental 
data over the entire mantle pressure-temperature 
regime. Unlike these equilibrium properties, the 
transport properties such as viscosity require 
much longer simulation (/8). 

Here, we determine the viscosity of two key 
liquids over the entire mantle pressure regime 
from density functional theory (/8). MgSiO; 
serves as an analog composition for a magma 
ocean, whereas MgSiO3-H,0 liquid allows us to 
explore the role of melt composition, focusing on 
H,0 as the component that is known to have the 
largest influence on the viscosity at low pressure 
(19). The shear viscosity (n) was calculated by 
using the Green-Kubo relation 


(Ze ).046) bas (1) 


V 
Sia?! 


n = Pr 

i<j 

where oj (i and j = x, y, z) is the stress tensor, 
which is computed directly at every time step of 
the simulation, Vis volume, kg is the Boltzmann 
constant, T is temperature, ¢ is time, and fg rep- 
resents the time origin. The shear-stress auto- 
correlation function (the integrand of Eq. 1) 
decays to zero more slowly at lower temperature 
and higher pressure, requiring longer simulation 
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runs (Fig. 1). We find that the integral values, and 
hence the computed viscosity, converge over time 
intervals much shorter than the total simulation 
durations (Fig. 1, inset). The fact that the shear 
stress autocorrelation function decays to zero within 
the time scale of our simulations means that the 
Maxwell relaxation time of silicate liquids (20) 
remains much shorter than seismic periods over the 
entire mantle regime and that seismic wave prop- 
agation through melts that may exist in the ULVZ 
will occur in the relaxed limit. We further confirm 
that the simulated system is in the liquid state at each 
pressure-temperature condition by examining the 
mean-square displacements (fig. $1) and radial 
distribution functions (fig. S2). Our approach is 
expected to be more robust than the commonly 
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used indirect approach of estimating the melt vis- 
cosity from the self-diffusion coefficient via the 
classic Erying relation (20, 2/). The validity of the 
Eyring relation as applied to silicate liquids has 
been questioned on the basis of experiments (//). 

Over most of the pressure range of our in- 
vestigation, viscosity increases with increasing 
pressure (Fig. 2A). The calculated viscosity 
increases by a factor of ~140 for anhydrous 
silicate melt over the entire mantle pressure 
regime at 4000 K. The activation volume 
V; = (dinn/dP), varies systematically over 
most of this range, tending to decrease with 
increasing pressure and with increasing tem- 
perature. At the lowest temperature and pressure, 
we find that the viscosity behaves anomalously: 
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Fig. 2. Calculated viscosity (n) of anhydrous (anhy, solid symbols) and hydrous (hy, open symbols) 
MgSiO3 melts. Our results are compared with experimental (Expt) data (6) at lower temperatures 
and ambient pressure for anhydrous MgSiO3 liquid. Error bars indicate the statistical uncertainties. 
(A) Pressure variations along 3000 K (circles), 4000 K (squares), and 6000 K (diamonds) isotherms. 
The anhydrous results can be represented by the modified VFT (Vogel-Fulcher-Tammann) equation 
(35): n(P,T) = exp[-7.75 + 0.005 P — 0.00015 P* + (5000 + 135 P + 0.23P2)AT — To)], with Ty = 
1000 K. Also shown are the results at 3000 K (14) and 4000 K (15) from previous molecular 
dynamics (MD) studies of anhydrous liquid based on semi-empirical pair potentials. (B) Temperature 
variations at the reference volume (Vy) together with experimental data (6) represented by the VFT 
equation, n(7) = A exp[ BAT — 1000)], where A = 0.00033 Pa s and B = 6400 K for anhydrous liquid 
and A = 0.00024 Pa s and B = 4600 K for hydrous liquid. 


Fig. 3. Predicted viscosity for magma 
ocean based on anhydrous silicate 
liquid results (using the modified VFT 
relation shown in Fig. 2) along different 


temperature profiles (inset) from (28): 0.1 


magma ocean isentrope, mantle liqui- 
dus, mantle solidus, and melting curve 
of pure MgSiO3 perovskite (dashed line). 
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decreasing with increasing pressure initially, 
reaching a minimum value near 5 GPa at 3000 K, 
and then increasing on further compression. 
Low-pressure experimental studies have found 
viscosity decreasing with increasing pressure 
in highly polymerized silicate melts (8, 77, 23). 
We attribute the initial decrease in viscosity with 
increasing pressure to the presence of fivefold 
coordinated silicon, which acts as a transition 
state accommodating viscous flow (/6, 24). The 
variation of viscosity in this anomalous regime is 
small compared with the total variation in vis- 
cosity over the mantle pressure-temperature 
range. The calculated viscosities show large and 
systematic deviations from Arrhenian behavior 
(Fig. 2B). The activation energy decreases with 
increasing temperature, consistent with the be- 
havior of moderately fragile liquids (25). 

Silicate melt with 10 weight percent HO is 
two to four times less viscous than the anhydrous 
melt at all pressure-temperature conditions studied 
(Fig. 2). We have previously shown that the self- 
diffusion coefficients of the hydrous liquid are 
systematically higher than those of the anhydrous 
liquid (26). The region of anomalous pressure de- 
pendence of the viscosity and diffusion are weak 
or absent in the case of hydrous silicate liquid. Our 
first-principles results confirm that the dynamical 
enhancement (smaller viscosity and larger diffu- 
sivity) occurs in hydrous silicate liquid because 
water systematically depolymerizes the melt 
structure (27). The mean O-Si and Si-Si coordi- 
nation numbers decrease in the presence of water: 
The hydrous values vary from 1.1 to 1.7 on com- 
pression (compared with anhydrous value of 1.4 
to 2) and 1.8 to 4.7 (compared with anhydrous 
value of 2.5 to 5.5), respectively, over the com- 
pression range studied (17, 26). 

The viscosity of silicate melts increases 
modestly along temperature profiles charac- 
teristic of Earth’s interior because of the com- 
peting effects of pressure and temperature (Fig. 3). 
For example, along a slightly super-liquidus magma 
ocean isentrope (28), the viscosity of anhydrous 
melt increases by a factor of 10 from the surface 
to the core-mantle boundary. The variations are 
similar in size but non-monotonic along the 
estimated mantle solidus and liquidus (28). The 
non-monotonic variation of the viscosity along 
these curves is due to the rapid increase in 
temperature with increasing pressure at low 
pressure. The viscosity profiles of the hydrous 
melt show similar variations but are systemati- 
cally shifted downward (Fig. 3). 

Our results provide a fundamental basis for 
any dynamical model of magma ocean evolution. 
To illustrate, we use our viscosity results and 
those of previous ab initio simulations of silicate 
melts to estimate critical dynamical parameters. 
For a completely molten mantle such as one that 
may have occurred early in Earth’s history (/), 
the estimated Rayleigh and Prandtl numbers (29) 
are ~6 x 10°° and ~60, respectively, for the 
viscosity value of 0.048(10) Pa s for anhydrous 
MgSiO3 liquid at mid-mantle condition (70 GPa 
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and 4000 K along the magma ocean isentrope, 
Fig. 3). The Rayleigh number lies in the regime 
of turbulent convection: The presence of turbu- 
lence may substantially influence the settling of 
crystals as they form upon cooling. The surface 
heat flux, F ~ 6 x 10° W m-, estimated from 
mixing length theory far exceeds the incoming 
solar flux (30) and suggests that the surface 
temperature was set by heat exchange of the 
magma ocean with a dense silicate atmosphere 
rather than by solar radiation balance (2). This 
value of F implies a cooling time for the magma 
ocean ~20 ky (30). In fact, a number of processes 
are likely to increase the cooling time of the 
magma ocean substantially, including crystalli- 
zation, which is predicted to initiate in the mid- 
mantle (28) and to separate the magma ocean into 
upper and basal layers (3/). The evolution at this 
stage also depends strongly on the viscosity, which 
will set the time scale for buoyancy-driven motion 
of crystals and liquid that can lead to chemical 
differentiation. The direction of motion will be 
set by the crystal-liquid density contrast, the sign 
of which varies with pressure and temperature. 
Indeed, crystals are expected to float near the base 
of the mantle (/6), producing a buoyantly stable 
basal magma layer that may be long-lived (3/). 
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Extreme Deuterium Excesses in 
Ultracarbonaceous Micrometeorites 
from Central Antarctic Snow 
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Primitive interplanetary dust is expected to contain the earliest solar system components, including 
minerals and organic matter. We have recovered, from central Antarctic snow, ultracarbonaceous 
micrometeorites whose organic matter contains extreme deuterium (D) excesses (10 to 30 times 
terrestrial values), extending over hundreds of square micrometers. We identified crystalline minerals 
embedded in the micrometeorite organic matter, which suggests that this organic matter reservoir 
could have formed within the solar system itself rather than having direct interstellar heritage. The high 
D/H ratios, the high organic matter content, and the associated minerals favor an origin from the 
cold regions of the protoplanetary disk. The masses of the particles range from a few tenths of a 
microgram to a few micrograms, exceeding by more than an order of magnitude those of the dust 
fragments from comet 81P/Wild 2 returned by the Stardust mission. 


undifferentiated interplanetary material 

provide insights into the physicochemical 
processes that took place in the coldest regions of 
the early solar system. Large deuterium excesses 
are expected in the solid component(s) of comets 
because their water and HCN molecules exhibit 
D/H ratios from 2 to 15 times the terrestrial value, 
respectively (/). However, isotopic measurements 


T= light element isotopic compositions of 


of fragments of comet 81P/Wild 2 returned by the 
Stardust mission show moderate D/H ratios that do 
not exceed three times the terrestrial value, possibly 
indicating a substantial alteration during impact 
capture process (2). By contrast, large D/H ratios 
have been observed as micrometer-sized hot spots 
in organic matter of interplanetary dust particles 
(IDPs) (3, 4) or primitive meteorites (5, 6). These 
D excesses may have been inherited from the cold 


molecular cloud that predated the protosolar 
nebula (3, 5, 7) or may be the result of a local pro- 
cess that occurred in the cold outer regions of the 
protoplanetary disk (8, 9). The nature of the D-rich 
hot spots and their relationship to the organic mat- 
ter bulk composition remain a matter of debate 
(6, 10). Organic matter in meteorites is sparse 
and disseminated in the matrix, with a maximum 
bulk concentration on the order of a few weight 
percent (wt %) (//). It is mainly accessible as the 
acid-insoluble component (IOM) remaining after 
demineralization of large amounts (grams) of 
primitive meteorites. 

Large numbers of Antarctic micrometeorites 
(AMMs), which are IDPs with sizes ranging 
from 20 to 1000 um, can be recovered from the 
Antarctic ice cap (/2). Here, we describe AMMs 
obtained from the melting and sieving of 3 m* of 
ultraclean snow that fell in the vicinity of the 
French-Italian CONCORDIA station at Dome C 
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(75°S, 123°E) between 1955 and 1970 (ie., 
before human activities started in the area) (/3). 
Because they were recovered from snow rather 
than ice, they did not endure the mechanical 
stress or aqueous alteration that are typical of 
both meteorites and AMMs recovered from 
Antarctic ice (74). Within the unmelted AMM 
population exhibiting a fine-grained, fluffy 
texture with no evidence for substantial heating 
during atmospheric entry (i.e., vesicles and/or 
magnetite shell), we report mineralogical and 
isotopic studies of two particles (particles 19 and 
119) characterized by exceptionally high carbon 
content (Fig. 1A), referred to as ultracarbona- 
ceous Antarctic micrometeorites (UCAMMs) 
(15). Their carbonaceous component is present 
in the form of organic matter and represents 48% 
and 85% of the analyzed area of particles 19 and 
119, respectively (73). The sizes of particles 19 
and 119 before fragmentation were 80 um by 
50 um and 275 um by 110 um, respectively. 

High-resolution transmission electron mi- 
croscopy (HRTEM) of the UCAMMs shows a 
poor structural organization of the organic matter, 
with nanometer-sized polyaromatic layers, single 
or stacked in groups of two or three (Fig. 1B). 
This fringe length has the same scale as that 
reported in HRTEM studies of IOMs from 
Murchison and Orgueil carbonaceous chondrites 
(16). Combined studies of field emission gun 
scanning electron microscopy (FEG-SEM) and 
analytical TEM reveal mineral assemblages 
embedded within the organic matter (Fig. 1C) 
consisting mainly of Mg-rich silicates and Fe-Ni 
sulfides. These fine-grained mineral assemblages 
contain both amorphous and crystalline phases 
(Fig. 1C). Some glassy aggregates are compara- 
ble to the glass with embedded metal and sulfides 
(GEMS) identified in IDPs (Fig. 2) (/3). The 
crystalline fraction of particle 19 is dominated by 
fine-grained clumps of olivines, pyroxenes, and 
iron sulfides, with mineral sizes ranging from 
~15 to ~500 nm and having a pronounced 
frequency peak around 100 nm. 

Isotopic imaging on fragments of particles 19 
and 119 reveals large D excesses associated with 
the carbon-rich areas (Fig. 3) (/3). By contrast, 
the carbon (!2C/C) and oxygen (!80/'°O) 
isotopic maps do not exhibit large isotopic 
anomalies (/3). The highest D/H ratio of 4.6 
(+0.5) x 10 3 [8D = 29,000 + 3000 per mil (%o)] 
was measured within particle 119 (Fig. 3D). This 
ratio approaches that of the most D-rich hot spots 
observed by isotopic imaging in interplanetary 
material (3, 5). However, the D enrichments in 
the UCAMMs we analyzed have occurred over 
much wider areas than those reported previously 
in extraterrestrial materials. The areas with D/H > 
10 * (SD > 5400%o) extend over 135 to 280 um? 
and 65 to 200 um? in particles 19 and 119, 
respectively (Fig. 3, A and C) (/3). In the in situ 
isotopic imaging of IOM from primitive chon- 
drites, the contribution of hot spots to the bulk 
D/H ratio remains small (5, 6), whereas in the 
UCAMMs the areas with D/H ratios larger than 


10 times the terrestrial value represent most of 
the analyzed surface (Fig. 4) (3). Because the 
average D/H ratio of the UCAMMs is compatible 
with that of D-rich hot spots reported in other 
interplanetary materials, it is conceivable that 
these hot spots may result from the fragmentation 
and/or alteration of a primitive organic matter 
component similar to that revealed by this study. 

In the D/H versus C/H atomic ratio plot, the 
data from particles 19 and 119 cluster along a 
main trend going from a first component at C/H = 
1 to 2 and D/H = 0.5 x 10° to 1 x 107° up toa 
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high C/H component with C/H ratios ranging 
from 3 to 7 and D/H ratios ranging from 1 x 10° 
to 1.4 x 10 3 (Fig. 4) (13). The first component 
corresponds to that reported in bulk IOM 
analyses of CR carbonaceous chondrites (/0). 
The nature of the UCAMM high C/H component 
remains to be clarified, but HRTEM data 
establish its highly disorganized structure and 
therefore rule out a substantial graphitization 
(Fig. 1B). The isotopic and elementary ratios of 
IOM from unequilibrated ordinary chondrites 
(UOCs) (/0) plot along the same main trend 


Fig. 1. (A) Backscattered scanning electron micrograph of particle 119. The carbon-rich areas appear 
dark (arrows); the bright inclusions are dominated by Fe-Ni sulfides and silicates. (B) High-resolution TEM 
image of particle 19. (C) Bright-field TEM image of particle 19. The lacey carbon film (23) is indicated as 
black arrows; the crystalline phases are Mg-rich olivines (ol), Mg-rich pyroxenes (px), and Fe-Ni sulfides 
(S); OM, organic matter. Glassy aggregates (GEMS candidates) are highlighted in black squares (13). 


Fig. 2. (Left) Bright-field 
TEM image of a GEMS 
candidate embedded in 
the carbonaceous matter 
of particle 19. (Right) 
Stacked energy-dispersive 
X-ray spectroscopy ele- 
mental distribution maps 
of Mg, S + Fe (top) and 
Ni, S + Fe (bottom) for the 
GEMS candidate (black 
square). 
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(Fig. 4). It has been suggested that this main 
trend in UOCs may be due to a parent body 
process (/0). However, it is difficult to conceive 
that the main trend from the UCAMMs may 
result from the same process, because (i) the 
UCAMMs and UOCs strongly differ both chem- 
ically and mineralogically [in particular, the UOC 
organic matter concentration (<0.5 wt %) (0) 


is much lower than that observed in UCAMMs]; 
(1i) we do not observe any sign of thermal pro- 
cessing of the UCAMMs and, by contrast to the 
UOCs, we observe for C/H > 3 a constant D/H 
plateau rather than a correlated increase of D/H 
with C/H (fig. S2) (73); and (iii) the data presented 
here (Fig. 3) show that the whole range of var- 
iation of the main trend coexists within a few tens 


Fig. 3. NanoSIMS-50 (secondary ion mass spectrometry) isotopic and elemental maps of UCAMMs. 
(A and B) 5D (%c) (13) (A) and C/H atomic ratio (B) of particle 19. The contour in (A) indicates a region 
with low D/H ratio (Fig. 4) (13). (C) 8D (%0) map of particle 119. (D) Higher-magnification 5D (%o) map of 


the zone indicated by the white rectangle in (C). 
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Fig. 4. Distribution of D/H versus C/H atomic ratios in particles 19 and 119 (13). The data from bulk IOM 
from CR (white diamonds), UOCs (black dots) (20), and the range of D-rich hot spots observed in primitive 
chondrites (5) (white arrow) and that from IDPs (4, 27) (gray surface) are reported. 


of square micrometers, whereas the UOC main 
trend concerns IOM residues from the bulk mete- 
orites. Therefore, the UCAMM main trend seems 
compatible with the sampling of a heterogeneous 
organic matter reservoir. 

Above the main trend, the data broadly spread 
toward extreme D/H ratios with D/H > 2.5 x 10°? 
and C/H = 2 to 6 (Fig. 4). The D-rich hot spots 
in IDPs for which C/H ratios have also been 
reported span a large range (0 < C/H < 3) (4), 
whereas the hot spots from IOMs of CR2 prim- 
itive chondrites have C/H ratios limited to a 
more restricted zone (1 < C/H < 1.5) (5). The 
UCAMM extreme D/H component seems to 
extend the high C/H trend observed in IDPs, 
including particles collected during the meteor 
shower associated with comet 26P/Grigg/ 
Skjellerup (/7). 

High D excesses observed in interplanetary 
materials have long been attributed to interstellar 
chemistry, because large D enrichments (D/H > 
0.01) are observed in the gas phase of cold 
molecular clouds (7). However, there is a strict 
upper limit on the fraction of crystalline relative 
to amorphous silicates in the interstellar medium 
(<0.2% by mass) (/8). If the organic matter from 
the UCAMMs was a direct heritage of interstellar 
origin, one would expect the associated minerals 
to be dominated by amorphous silicates, which is 
not the case. Quite the opposite, the organic 
matter of the UCAMMs contains crystalline 
phases typical of silicates processed within the 
accretion disk (9), such as those observed both 
in anhydrous IDPs (20) and in the fine-grained 
fraction of Wild 2 particles (2/). Therefore, the 
UCAMMs cannot be considered as a direct 
interstellar heritage but most probably sampled 
material (organic matter and minerals) from the 
protoplanetary disk itself. 

Substantial D excesses have been identified at 
the molecular level in IOM from the Orgueil and 
Murchison meteorites, supporting an exchange 
mechanism between the organic matter and a 
local gaseous D-rich reservoir within the nascent 
solar system (9). Numerous astronomical obser- 
vations demonstrate the occurrence of deuterated 
molecules in protoplanetary disks, some of them 
exhibiting large D/H variations (0.01 < D/H < 
0.1) for radial distances between 30 and 70 AU 
(22). The large range of D/H ratios observed in 
the UCAMMs may be reminiscent of the D/H 
gradient that once existed at several tens of as- 
tronomical units from the young Sun. 

Other than the bona fide Wild 2 particles 
returned by the Stardust mission, the assignment 
of a cometary or asteroidal origin to a given 
interplanetary dust particle remains speculative. 
The unmelted nature of the UCAMMs precludes 
high atmospheric entry velocities usually asso- 
ciated with a cometary origin. However, once 
released from their parent body, the trajectories of 
dust within that size range substantially evolve 
(as a result of resonances with giant planets, 
radiation pressure, the Poynting-Robertson ef- 
fect, and solar wind drag), and cometary dust can 
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eventually have Earth-crossing orbits that are 
difficult to distinguish from typical asteroidal 
trajectories (23). Some chondritic porous anhy- 
drous IDPs are believed to be of cometary origin, 
as assessed by their noble gas content, high 
porosity, high carbon content, and high D/H 
ratios (3, 24, 25). The exceptionally high carbon 
content of the UCAMMs equals or exceeds that 
of the most C-rich IDPs (26, 27) and falls in the 
range of the CHON particles detected in comet 
1P/Halley (28). Both the crystalline and amor- 
phous silicates in the UCAMMs are comparable 
to those detected in the dust of different comets 
(29) and are compatible with the Wild 2 material 
(30). From these lines of evidence, we favor a 
cometary origin for these particles. 

Both the large sizes and the high carbon 
content of the UCAMMs allow the direct in situ 
study of an early solar system organic compound 
together with its associated minerals, without any 
chemical extraction procedure. The association 
of extreme D-rich organic matter with high- 
temperature minerals confirms that material con- 
densed or processed at close distances from the 
young Sun can be efficiently transported at sev- 
eral tens of astronomical units (2/7). The UCAMMs 
provide unique access to the intimate associa- 
tion of high- and low-temperature material from 
the protoplanetary disk in an unprecedented 
state of preservation. 
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Cross-Reacting Antibodies Enhance 
Dengue Virus Infection in Humans 
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Dengue virus co-circulates as four serotypes, and sequential infections with more than one serotype 

are common. One hypothesis for the increased severity seen in secondary infections is antibody- 
dependent enhancement (ADE) leading to increased replication in Fc receptor—bearing cells. In this study, 
we have generated a panel of human monoclonal antibodies to dengue virus. Antibodies to the 
structural precursor-membrane protein (prM) form a major component of the response. These antibodies 
are highly cross-reactive among the dengue virus serotypes and, even at high concentrations, do not 
neutralize infection but potently promote ADE. We propose that the partial cleavage of prM from the viral 
surface reduces the density of antigen available for viral neutralization, leaving dengue viruses 
susceptible to ADE by antibody to prM, a finding that has implications for future vaccine design. 


engue virus (DENV) is a mosquito- 
De= virus infection found in tropical 

and subtropical areas of the world, with 
an estimated 50 to 100 million infections per year 
(1). A sequence variation of 30 to 35% allows 
DENV to be divided into four serotypes, and 
infection with one serotype does not provide 
protection from infection with the other sero- 
types, so that secondary or sequential infections 
are common (2, 3). Serious complications of 
dengue haemorrhagic fever (DHF) are more 
likely during secondary versus primary infections 
(2, 3). 


In 1977, Halstead suggested antibody-dependent 
enhancement (ADE) to explain severe DENV in- 
fections (4). ADE has been widely studied and re- 
sults from the high sequence divergence between 
DENV so that antibody to the first infection may 
not be of sufficient avidity to neutralize a secondary 
infection (5). The partial cross-reactivity may cause 
a degree of opsonization that promotes virus up- 
take into Fc-bearing cells such as monocytes and 
macrophages—a major site of DENV replication 
in vivo—leading to increased virus replication. 

DENV envelope contains 180 copies of the E 
glycoprotein, which can be found in either dimeric or 


trimeric conformation (6). The structural precursor- 
membrane protein (prM) is a 166-amino-acid pro- 
tein intimately associated in a 1:1 fashion with 
domain II of E (7) and is believed to act as a chap- 
erone for the folding of E and to prevent the 
premature fusion of virus to membranes inside the 
producing cell. prM contains a furin cleavage site 
and is cleaved into a C-terminal M portion contain- 
ing a transmembrane domain that remains asso- 
ciated with the virus particle, and an N-terminal 
91-amino-acid precursor fragment that dissociates 
upon release of the virus from the infected cell. 

B cells from seven DENV-infected individu- 
als (table S1) were used to produce human mAb 
by using the method of Traggiai (8). Culture 
supernatants were screened against structural 
antigens by using whole virus and against non- 
structural protein 1 (NS1) by means of enzyme- 
linked immunosorbent assay (ELISA). 

Of 3020 cell lines, 301 screened positive, 73% 
reacted to the whole-virus ELISA for structural 
antigens, and 27% reacted to NS1. Positive super- 
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natants were tested for reactivity to specific DENV 
antigens by means of nonreducing Western blot 
(Fig. 1A). When the supernatants that reacted to 
whole DENV were tested, 78% gave a positive 
signal by means of Western blot, and all of these 
reacted to either E or prM, with no reactivity to 
capsid. The antibody-to-prM (anti-prM) response 
was substantial at 60% [95% confidence interval 
(CD, 67.3 to 52.2%] as compared with the re- 
sponse to E (40%); subgroup analysis of each of 
the individual cases is shown in table S2. 

We next assessed the serotype specificity of 
the human antibodies by means of dot blot against 
the four viral serotypes, which showed a diver- 
gence in the cross-reactivity between the antibody- 
to-NS1 (anti-NS1) and structural [antibody-to-E 
(anti-E) and anti-prM] groups of antibodies. Half 
of the anti-NS1 showed limited cross-reactivity 
among DENV, whereas most of the antibodies 
directed to structural proteins showed full cross- 
reactivity against all virus serotypes (Fig. 1, B to 
D). Because these antibodies were made from 
secondary cases of DENV infection, we inves- 
tigated primary anti-prM responses. Western 
blotting of DENV-infected cell lysates demon- 
strates that cross-reactive anti-prM responses are 
made during the primary infection (fig. S1), al- 
though as has been reported before, the anti-prM 
response is amplified after secondary infection (9). 

Lastly, we tested cross-reactivity to the related 
flavivirus Japanese encephalitis virus (JEV), which 
co-circulates with DENV in some parts of south- 
east Asia (Fig. 1, E to G). Only 3% of the 
antibodies to prM cross-reacted with JEV, which is 
in contrast to the antibodies that recognized en- 
velope, which showed 64% cross-reactivity. The 
relative specificity of anti-prM to DENV may 
reflect the lower sequence conservation between 
prM sequences (35% DENV versus JEV) as com- 
pared with that of E (50%); a comparison of 
sequence conservation among other members of 
the family flaviviridae can be found in table S3. 

Six monoclonal anti-prM mAbs were produced; 
Western blotting showed that at least five of six 
react with the cleaved precursor peptide, and re- 
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activity was lost to reduced antigen, implying that 
they recognize conformational epitopes (fig. S2). 

In general, the antibodies to prM were unable 
to completely neutralize infection (Fig. 2A). 
Instead, neutralization plateaued between 10 
and 60%, and the partial neutralization was 
largely cross-reactive among the four virus sero- 
types; the only exceptions were mAb 5F9 and 
135.3, both of which showed almost 100% neu- 
tralization of DENV4 at high antibody concen- 
trations. This partial neutralization was in contrast 
to results seen with pooled convalescent dengue 
serum (PCS) or anti-envelope monoclonal anti- 
bodies, in which neutralization approached or 
reached 100%. 

Next, we performed ADE assays using U937 
cells as targets in which virus was preincubated 
with an increasing titer of antibody before 
addition to the Fe receptor—bearing cells. En- 
hancement of infection was seen with all six 
human monoclonal antibodies to prM with a 
peak of nearly a 10°-fold increase (Fig. 2B), 
which is consistent with a report of ADE with 
mouse anti-prM mAb (/0). 

To ascertain whether the results with these six 
anti-prM mAbs were representative, we tested 
the enhancing and neutralizing capacity of a 
further 20 anti-prM and 20 anti-E cell lines as well 
as two irrelevant human antibodies (Fig. 2, C and 
D). None of the antibodies to prM showed a high 
level of neutralization (19 of 19 showed <80%), 
whereas 12 of 20 antibodies to E showed >90% 
and 6 of 20 showed 100% neutralization. All of 
the antibodies to prM showed ADE of 10- to 
800-fold, whereas the antibodies to E showed 
even more variable ADE (2- to 900-fold). 

The failure of antibodies to prM to fully 
neutralize dengue viruses with a clear plateau in 
the response was puzzling and suggested that the 
virus may exist in two populations, one that is 
susceptible to neutralization and another that is 
not. Cleavage of prM during viral maturation 
is believed to be a prerequisite for viral rep- 
lication, which is exemplified by the very low 
infectivity of DENV and tick-borne encephalitis 


viral particles with wholly uncleaved prM (//—/3). 
In many virus preparations, prM cleavage is in- 
complete, and cryogenic electron microscopy (cryo- 
EM) yields particles that contain both full-length 
prM and processed M protein, suggesting that a 
distribution of virus maturation may be present in 
virus cultures (/4, 15). To our knowledge, it has not 
been formally demonstrated whether only fully 
processed virus is infectious or whether the virus 
can contain small numbers of prM molecules at its 
surface and still remain infectious. The demon- 
stration here that the human antibodies to prM can 
show partial neutralization implies that some prM- 
containing particles remain infectious. 

The propensity toward incomplete cleavage 
of prM in DENV leads to two interesting pre- 
dictions. First, the density of prM at the surface of 
the virus may not be high enough to allow full 
neutralization with most antibodies to prM. Instead, 
viruses with low levels of prM may be susceptible 
to ADE. Second, viruses that are inherently non- 
infectious by virtue of displaying a high density 
of prM may be rendered infectious through ADE. 

To investigate the effect of prM cleavage on 
neutralization and enhancement, virus was 
produced in cells cultured in the presence of 
ammonium chloride in order to raise intracellular 
pH and reduce the efficiency of furin cleavage 
(12). ELISA assays were performed in order to 
measure E and prM in the virus preparation; the E 
assay was calibrated by plotting a standard curve 
by use of recombinant E protein produced in Sf9 
cells. A measure of the number of potential virus 
particles (virus-equivalent particles), which was 
derived assuming each particle contained 180 
copies of E and the relative density of uncleaved 
prM, was expressed as the ratio of prM:E. The 
prMcE ratio was increased by roughly 40 and 
80% when virus was cultured in 10 and 20 mM 
ammonium chloride, respectively (Fig. 3A). As 
expected, the infectivity of virus produced in the 
presence of NH,Cl was markedly reduced from 
46 to 555 virus-equivalent particles per focus- 
forming unit (FFU) (Fig. 3B). Although infectiv- 
ity was reduced, infectious virus produced under 
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Fig. 1. Specificity of 301 human antibodies. (A) Western Blot of infected cell lysates (nonreduced, probed individually as single lane strips) showing 
reactivity of antibodies with dengue NS1, E, and prM proteins. (B to G) Cross-reactivity of human mAb within the DENV serotypes [(B) to (D)] or between the 


DENV group and JEV [(E) to (G)]. 
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We next tested enhancement of these viruses 
using either a constant amount of infectious 
virus—fixed FFUs (Fig. 3D)—or a constant amount 
of virus-equivalent particles (Fig. 3E). These results 


each condition remained partially susceptible to 
neutralization as before, and the titration curves for 
virus produced in 0, 10, and 20 mM NH,Cl were 
similar (Fig. 3C). 
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Fig. 2. Partial neutralization but potent enhancement by human monoclonal antibodies to prM. 
Neutralization assays (A) and enhancement assays (B) were performed with the six human anti-prM mAbs 
(clones 3-147, 58/5, 2F5, 2G4, 5F9, and 135.3), mouse anti-E mAb (4G2), and purified immunoglobulin 
(Ig) from pooled dengue convalescent serum (PCS) and pooled non—dengue immune serum (PND) were 
used as controls (mean + SE from three independent experiments). Culture supernatants from 20 anti-E 
and 20 anti-prM cell lines, all of which were specific to DENV2 and cross-reactive with other DENV 
serotypes, were assayed in neutralization (C) and ADE assays (D) to DENV2 strain 16681. Neutralization 
was performed by means of focus-forming assay on Vero cells by using a 1:2 dilution of supernatant, 
whereas ADE was performed by using a 1:100 dilution on U937 cells; infection was read with 
fluorescence-activated cell sorting (FACS) by using 4G2. 
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show that the relatively poorly infectious virus 
cultured in the presence of NH,Cl can be rendered 
much more infectious in the presence of enhancing 
antibodies to prM and indeed can be restored nearly 
to the level of control virus (Fig. 3E). These re- 
sults were further exemplified by using virus that 
was produced in LoVo cells that lack functional 
furin and therefore produce virus with very low 
levels of cleaved prM (fig. S3, A to C) (73). Virus 
produced in LoVo cells as expected had a high 
prME ratio and very low infectivity (< 10 x 10° 
FFU per virus-equivalent particle) but infection 
could be enhanced in the presence of anti-prM. 

Three populations of dengue virus appear to be 
produced: first, a population containing relatively 
high levels of prM that are inherently noninfectious 
but that can be made infectious in the presence of 
enhancing antibodies to prM; second, a population 
with an intermediate density of prM at the surface 
that can infect, but are susceptible to neutralization 
at high antibody titer; third, a population with low 
or absent prM at the surface that would not 
normally be susceptible to neutralization. 

To test the relative roles of the antibodies to 
prM in neutralization and enhancement of 
primary cells, we looked at human monocytes, 
which are thought to be a major site of virus 
replication in vivo. Monocytes can be infected in 
the absence of antibody and, because they 
express Fe receptors, infection can be increased 
through ADE. To our surprise, human anti-prM 
mAbs failed to show any neutralization activity 
on primary monocytes and instead, even at con- 
centrations of antibody as high as 30 ug/ml, en- 
hanced infection from 20 to 70% (Fig. 4A) over a 
large range of antibody concentration. 

Virus was generated in the insect cell line C6/36, 
which is known to cleave prM inefficiently, and 
the results we have obtained are therefore analo- 
gous to the first encounter with DENV, which 
was an insect-produced virus after a bite from an 
infected mosquito. Lastly, we set out to determine 
whether virus produced in primary mammalian 
cells contained noncleaved prM and whether anti- 
prM had any enhancing capacity on such virus. 
Virus was produced in immature dendritic cells 
(DCs) in which cleavage of prM was more effi- 
cient than in the insect cell culture but still not 
complete (Fig. 4B). As with insect-produced virus, 
the antibodies to prM were unable to fully neu- 
tralize DC-produced virus with a clear plateau in 
efficacy (Fig. 4C) but were still able to enhance 
infection, although to a lesser degree (Fig. 4D). 

This is the first description, using human 
monoclonal antibodies, of the serological re- 
sponse in DENV infection. Anti-prM is a major 
component of the response, and most of these 
antibodies display limited virus neutralization 
capacity. The combination of partial cleavage of 
prM, together with substantial cross-reaction be- 
tween serotypes, makes the anti-prM response par- 
ticularly susceptible to enhancement. Promotion of 
such an antibody response toward anti-prM could 
thus be interpreted as immune evasion or even as 
an immune enhancement strategy of the virus. 
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Fig. 3. Anti-prM can rescue infectivity in virus 
containing high densities of prM, such as DENV 
produced in the presence of NH,CL. (A) The density 
of uncleaved prM and E were measured with ELISA 
and expressed as the prM:E ratio. (B) Infectivity was 
determined in Vero cells, expressed as FFU, and the 
amount of total virus-equivalent particles was cal- 
culated according to the concentration of E protein 
measured by a sensitive sandwich ELISA. Data are 
presented as virus-equivalent particles/FFU ratios. 
(C) Neutralization assays with purified human anti- 
prM mAb (3-147). (D and E) Enhancement assays of 


U937 cells read out by FACS based intracellular staining for DENV antigens (4G2) using either (D) a constant amount of infectious virus or (E) constant number of 
virus particles (mean + SE from three independent experiments). 
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Fig. 4. The roles of anti-prM on neutralization and enhancement of DENV infection of peripheral blood 
mononuclear cells (PBMCs). (A) PBMCs were infected with DENV2 in the presence of human anti-prM 
mAbs; at 24 hours, DENV Ag was stained intracellularly (4G2) and detected with flow cytometry in gated 
monocytes. PCS, PND, and irrelevant human mAb were used as control. (B) The density of prM on DENV 
from C6/36 cells and DC were detected with ELISA and presented as prM:E ratio. (C) Neutralization and (D) 
ADE of infection performed on Vero and U937 cells, respectively, of DENV generated from either C6/36 


cells or DC in the presence of PCS or anti-prM mAb (3-147) (mean + 


experiments). 


Most current DENV vaccine candidates— 
whether naturally attenuated, recombinantly 
attenuated, or chemically inactivated virus or 
DENV-yellow fever chimeras—contain native 
dengue prM sequences (/6). It may be advisable 
to design DENV vaccines that minimize the 
anti-prM response. There is relatively low se- 
quence conservation between DENV prM and se- 
quences from other flaviviruses, and the majority 
of antibodies to dengue prM do not cross-react 
with JEV. Chimeric attenuated viruses containing 


SE from three independent 


heterologous flaviviral prM sequences may there- 
fore not lead to such cross-reactive anti-prM 
responses as seen on infection with viruses that 
contain native dengue prM sequences, although 
the feasibility of making such chimeras has to 
our knowledge not yet been tested. 


References and Notes 
1. World Health Organization, Fact sheet no. 117 (2008); 
available at www.who.int/mediacentre/factsheets/fs117/en/. 
2. M. G. Guzman et al., Am. J. Epidemiol. 152, 793, 
discussion 804 (2000). 


3. N. Sangkawibha et al., Am. J. Epidemiol. 120, 653 
(1984). 
4. S. B. Halstead, E. J. O'Rourke, J. Exp. Med. 146, 201 (1977). 
5. M. S. Diamond, T. C. Pierson, D. H. Fremont, /mmunol. 
Rev. 225, 212 (2008). 
6. Y. Modis, S. Ogata, D. Clements, S. C. Harrison, Nature 
427, 313 (2004). 
7. L. Liet al., Science 319, 1830 (2008). 
8. E. Traggiai et al., Nat. Med. 10, 871 (2004). 
9. C.-Y. Lai et al., J. Virol. 82, 6631 (2008). 
0. K.-]. Huang et al., J. Immunol. 176, 2825 (2006). 
1. F. Guirakhoo, F. X. Heinz, C. W. Mandl, H. Holzmann, 
C. Kunz, J. Gen. Virol. 72, 1323 (1991). 
12. |. M. Yu et al., Science 319, 1834 (2008). 
13. |. A. Zybert, H. van der Ende-Metselaar, J. Wilschut, 
J. M. Smit, J. Gen. Virol. 89, 3047 (2008). 
14. J. Junjhon et al., J. Virol. 82, 10776 (2008). 
15. M. V. Cherrier et al., EMBO J. 28, 3269 (2009). 
16. S. S. Whitehead, J. E. Blaney, A. P. Durbin, B. R. Murphy, 
Nat. Rev. Microbiol. 5, 518 (2007). 
17. We thank W. Supanchaimat, V. Jarupoonphol, 
S. Jinathongthai, K. Sriruksa, P. Wongsilarat, 
T. Suphachaiyakit, K. Ratarpa, Y. Sutvigit, and the staff of 
Khon Kaen and Songkhla hospitals for sample 
collection; L. Damrikarnlerd, P. Suriyapol, C. Komoltri, 
S. Udompunturak, N. Tangthawornchaikul, A. Jairangsri, 
K. Sae-Jang, and S. Supajitkasem for data and clinical 
database management and statistical analysis; 
N. Sittisombut and P. Keelapang from Chiang Mai 
University for sharing knowledge; and C. P. Simmons and 
B. Wills from the Oxford University Clinical Research 
Unit, Ho Chi Minh City for samples. This work was 
supported by the Medical Research Council, UK; the 
Wellcome Trust, UK; the National Institute for Health 
Research Biomedical Research Centre funding scheme; 
the Thailand Tropical Disease Research Program T2; and 
the Thailand National Centre for Genetic Engineering and 
Biotechnology. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/328/5979/745/DC1 
Materials and Methods 

Figs. $1 to $3 

Tables $1 to $4 


25 November 2009; accepted 22 March 2010 
10.1126/science.1185181 


7 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 6, 2010 


Induction of Lymphoidlike Stroma and Immune 
Escape by Tumors That Express the Chemokine 
CCL21 


Jacqueline D. Shields, et al. 
MV AAAS Science 328, 749 (2010); 
DOI: 10.1126/science. 1185837 


This copy is for your personal, non-commercial use only. 


Science 


If you wish to distribute this article to others, you can order high-quality copies for your 
colleagues, clients, or customers by clicking here. 


Permission to republish or repurpose articles or portions of articles can be obtained by 
following the guidelines here. 


The following resources related to this article are available online at www.sciencemag.org 
(this information is current as of May 6, 2010 ): 


Updated information and services, including high-resolution figures, can be found in the online 
version of this article at: 
http://www.sciencemag.org/cgi/content/full/828/5979/749 


Supporting Online Material can be found at: 
http://www.sciencemag.org/cgi/content/full/science.1185837/DC1 


This article cites 27 articles, 7 of which can be accessed for free: 
http:/Awww.sciencemag.org/cgi/content/full/328/5979/749#otherarticles 


This article has been cited by 1 articles hosted by HighWire Press; see: 
http://www.sciencemag.org/cgi/content/full/828/5979/749#otherarticles 


This article appears in the following subject collections: 
Immunology 
http:/Awww.sciencemag.org/cgi/collection/immunology 


Downloaded from www.sciencemag.org on May 6, 2010 


Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the 
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright 


2010 by the American Association for the Advancement of Science; all rights reserved. The title Science is a 
registered trademark of AAAS. 


Induction of Lymphoidlike Stroma and 
Immune Escape by Tumors That 
Express the Chemokine CCL21 


Jacqueline D. Shields,* Iraklis C. Kourtis,* Alice A. Tomei, Joanna M. Roberts, Melody A. Swartzt 


Tumor manipulation of host immunity is important for tumor survival and invasion. Many 
cancers secrete CCL21, a chemoattractant for various leukocytes and lymphoid tissue inducer 
cells, which drive lymphoid neogenesis. CCL21 expression by melanoma tumors in mice 

was associated with an immunotolerant microenvironment, which included the induction of 
lymphoid-like reticular stromal networks, an altered cytokine milieu, and the recruitment of 
regulatory leukocyte populations. In contrast, CCL21-deficient tumors induced antigen-specific 
immunity. CCL21-mediated immune tolerance was dependent on host rather than tumor expression 
of the CCL21 receptor, CCR7, and could protect distant, coimplanted CCL21-deficient tumors 
and even nonsyngeneic allografts from rejection. We suggest that by altering the tumor 
microenvironment, CCL21-secreting tumors shift the host immune response from immunogenic 
to tolerogenic, which facilitates tumor progression. 


ancer fate, including progression, metas- 
( tasis, and therapy resistance, is largely 

determined by the interactions between a 
tumor and host immune cells. Immune cells can 
recognize tumors by their antigenic profiles, but 
many tumors manipulate these cells to escape 
immune surveillance. To accomplish this, tumors 
can mimic immune signaling pathways that alter 
the tumor microenvironment to favor the activa- 
tion of regulatory T (Tyeg) cells and suppress 


Fig. 1. CCL21 expression promotes tumor 
growth that is host CCR7-dependent. (A) 
CCL21 protein levels (determined by ELISA) 
in tumor and naive lymph node lysates 
9 days post-implantation (p.i., n > 4). (B) 
Day 9 p.i. tumor volumes. Multiple CCL21'™ 
clones were implanted (CCL21'“i, clone 
21/217; CCL21'ii, clone 21/217 D8; 
CCL21'iii, clone 21/401 H5; all n > 3; 
control, n = 22; CCL21"", n = 10). Bars 
show medians + SE. (C) Tumor infiltration 
of CD45* leukocytes as determined by flow 
cytometry, and (D to F) APC subpopula- 
tions at day 9 p.i. in wild-type (n > 10) and 
CCR7~ mice (n = 3); bars show medians + 
SE. (G) CCR7* leukocyte infiltrates in 
tumors 9 days p.i. in wild-type (n > 4) and 
CCR7~“ mice (n = 3). Bars show medians + 
SE. (H) Day 9 p.i. control tumor volumes 
in wild-type mice treated with CCR7 neu- 
tralizing antibodies or control IgG, or in 
CCR7~ mice (n > 3). Data represent 
means + SEM. (I) Volumes of single (n =22) 
and co-implanted tumors (n > 7) at day 9 
p.i. Data represent means + SEM. *P < 
0.05, **P <0.01 relative to control tumors, 
and *P < 0.05 relative to single implanted 
CcL21'™ tumors, one-way analysis of 
variance (ANOVA) and Bonferroni post-test 
adjustment. 
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effector functions (/—3), driving immunological 
tolerance and tumor progression. 

Here, we examine a mechanism of tumor- 
induced immune tolerance that bears similar- 
ities to the tolerance-maintaining functions of 
the lymph node (LN) stroma. In the lymph 
node paracortex, specialized stromal cells called 
fibroblastic reticular cells (FRCs) secrete the 
CCR7 ligands CCL21 and CCL19, which guide 
the interactions between CCR7" T cells and 


antigen-presenting cells (APCs) needed for T cell 
education and priming. Although these events are 
sufficient to trigger adaptive immunity, they are 
also necessary for maintaining peripheral toler- 
ance, because Tyeg cells require LN occupancy 
and CCR7 signaling for their activation and func- 
tion (4-6), and the loss of CCR7 signaling is 
associated with spontaneous autoimmunity (7, 8). 
The lymph node stroma itself can also promote 
deletion of self-reactive cells (9, 70) and can help 
to maintain homeostasis of naive T cells (//). 
We recently showed that invasive tumor cells 
secrete CCL21 (/2), and we verified this here in 
several invasive human tumor lines cultured in 
three-dimensional conditions (fig. S1A). Given 
the critical role of CCR7 in both immunity and 
tolerance, we asked how endogenous tumor 
CCL21 expression would affect the host immune 
response. 

Aside from recruiting leukocytes and guiding 
their interactions in the LN, CCL21 is also a main 
driver of lymphoid tissue formation (/3—/5), as it 
attracts CCR7* lymphoid tissue inducer (LTi) 
cells that drive the maturation of lymphoid 
stroma (/6). Notably, expression of CCL19 and 
CCL21 in nonlymphoid tissues has been cor- 
related with autoimmunity and inflammation, as 
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well as immune suppression (7, /5, 17). Likewise, 
exogenous CCR7 ligands have been demonstrated 
to induce both antitumor immunity and tumor 
immune suppression (7, 78, 19). Here, in contrast 
to the studies using exogenous CCR7 ligands, we 
examine the effects of endogenous melanoma 
CCL21 expression on tumor fate. 

We engineered three stable cell sublines de- 
rived from murine B16-F10 melanomas to 
knockdown endogenous CCL21 secretion by 
shRNA (CCL21'°”), to express endogenous 
amounts (scrambled shRNA control) at amounts 
comparable to those measured in normal LNs, or 
to overexpress CCL21 (CCL21#") (20) (Fig. 1A). 
Surprisingly, when implanted into immune com- 
petent syngeneic C57BL/6 mice, CCL21"*" and 
control tumors grew significantly larger than 
CCL21'°” tumor clones (Fig. 1B)—even though 
the CCL21-expressing tumors attracted more 
CD45" leukocytes, including APCs and CCR7* 
leukocytes (Fig. 1, C to G, and fig. S1, B to E). 
Note that CCR7’ APCs in CCL21-expressing 
tumors retained the capacity to traffic from the 
tumor to the draining LNs upon uptake of 0.5 
um fluorescent beads (fig. S2), which sug- 
gested that their ability to uptake antigen was 
not impaired. 


Fig. 2. CCL21 expression leads to a tolerogenic tu- 
mor microenvironment. (A) Total CD3<* T cells with- 
in CCL21'™, control, and CCL21"9" (n = 9) tumors 
(n> 9). Bars show medians + SE. (B) Number of T 
cells per unit tumor volume (n > 9). Data represent 
means + SEM. (C) Frequency of tyrosinase-related 
protein—2 peptide SVYDFFVWL (Trp210-1gg)—specific T 
cells (CD19 CD3e*CD80°SVYDFFVWL-MHC pentamer’) 
(29) within tumors of wild-type and CCR7~” mice, as 
determined by flow cytometry. Bars show medians + SE. 


These differences in growth could have resulted 
either from the host response to the tumor or from 
autocrine effects of CCL21 signaling on tumor 
cells themselves, because they express CCR7 
(fig. S1F). In vitro, however, the three different 
cell lines proliferated, formed spheroids, and 
migrated up a gradient of exogenous CCL21 
similarly (fig. S1, G to J); furthermore, these 
behaviors were unaltered by the addition of ex- 
ogenous CCL21 protein or with CCR7-blocking 
antibodies, which indicated that the differences 
seen in growth were dependent on the in vivo 
environment. 

Moreover, tumor growth was host CCR7- 
dependent, because control tumors grew poorly 
when implanted into CCR7-deficient mice or into 
wild-type mice treated systemically with CCR7- 
blocking antibodies (Fig. 1, C to H). Therefore, 
tumor-mediated, CCL21-dependent modulation 
of the host response, rather than autocrine effects 
on the tumor itself, was responsible for the dif- 
ferential tumor propagation observed. 

To further verify that these growth differences 
were due to variations in the host immune re- 
sponse to the tumor, rather than to changes in- 
curred on the tumor cells themselves by autocrine 
CCR7 signaling, we coimplanted CCL21'°” and 
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(D) IFN-y protein levels within tumors as determined by D be 5 


enzyme-linked immunosorbent assay (ELISA) (n = 8). 'D 
Data represent means + SEM. (E) Quantification of 
tumor-infiltrated T,.g cells within CcL21'™, control, and 
CCL21"S" tumors (n > 5). Data represent means + SEM. 
(F) Total TGF-B1 protein levels within tumors as deter- 
mined by ELISA (n > 4). Data represent means + SEM. (G) 
CD11¢-CD11b*F4/80°Gr1"3" myeloid-derived suppressor 
tumor infiltrates (n > 6). Bars show medians + SE. (H) 
Intratumoral T cell populations and Tyg cells within @& 
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control tumors into the same mouse, each on 
opposite shoulders. In these mice, control tumors 
could rescue the growth of CCL21'” tumors to 
control levels (Fig. 11), which further demon- 
strated that a host response was responsible for 
the differences in tumor growth seen earlier. 
Given this apparent contradiction—increased 
tumor growth associated with enhanced leuko- 
cyte attraction and normal APC trafficking to 
LNs—we next asked how the secretion of 
CCL21 could affect interactions between the 
tumor and its immune cell infiltrates. Upon ex- 
amining the T cell populations within the tumors, 
we found that, although control and CCL21™2" 
tumors attracted more T cells overall (Fig. 2A), 
CCL21'°” tumors contained higher densities of 
T cells (Fig. 2B) and more melanoma antigen 
[tyrosinase-related protein 2 (Trp2)]-specific 
CD8*" T cells (Fig. 2C). This was consistent with 
increased amounts of interferon-y (IFN-y), inter- 
leukin 2 (IL-2), and IL-4 in CCL21'° tumors 
(Fig. 2D and fig. S4, A and B), cytokines that are 
all associated with cytotoxic T cell responses 
and antitumor immunity (/—3). In contrast, con- 
trol and CCL21™2" tumors contained more CD4* 
CD25‘ FoxP3* Treg Cells (Fig. 2E and fig. S3, A 
to C) and higher amounts of transforming growth 
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factor-B1 (TGF-B1) (Fig. 2F). TGF-B1 is a key 
regulator of tumor tolerance that suppresses 
antigen-specific CD8" T cell function, promotes 
Tyeg cell induction, and shifts the macrophage 
populations from classically activated (M1) to 
alternatively activated, protumor (M2) pheno- 
types (2/1, 22). Furthermore, tumor expression 
of CCL21 led to enhanced CCR7-dependent 
attraction of CD11b*CD11¢ F4/80° Grl"" myeloid- 
derived suppressor cells (MDSCs) that also ex- 
pressed inducible nitric oxide synthase (Fig. 2G 
and fig. S4G), a cell type known to drive tumor 
progression (/—3). Coincident with more MDSCs 
were higher amounts of the MDSC chemo- 
attractants CCL2 and CSa in CCL21-expressing 
tumors (fig. S4, D and E). Finally, when im- 
planted into the same mouse but on opposite 
shoulders, CCL21! and CCL21"2" tumors (which 
grew similarly large) (Fig. 11) displayed similar 
distributions of T cell populations (Fig. 2H), in- 
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cluding Tye, cell numbers similar to those seen 
in CCL21"" tumors grown alone. 

The central role of the adaptive immune 
response in the prevention of CCL21'°” tumor 
establishment was further demonstrated by 
using athymic FoxnI’"" mice, which lack T cells 
and thus cell-mediated immunity. In these mice, 
CCL21"°” tumors grew just as large as control and 
CCL21™£" tumors (Fig. 21), despite their impaired 
recruitment of MDSCs (Fig. 2J). 

We next examined the tumor stroma, because 
peripheral expression of CCL21 can drive lymph- 
oid neogenesis via recruitment of CCR7' LTi cells 
(10, 13-15, 23). In the LN paracortex, FRCs are 
the major source of CCR7 ligands and are 
characterized by glycoprotein gp38 and the ER- 
TR7 antigen. In control and CCL21"" tumors, 
we observed FRC networks at the tumor margins 
that were reminiscent of those in the LN para- 
cortex (Fig. 3, A and B, and fig. S5). These 
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tumor stromal networks expressed gp38, which 
in tumors has been associated with poor prog- 
nosis (24). CCL21-expressing tumors, but not 
CCL21'° tumors, also expressed the catabolic 
enzyme indoleamine 2,3-dioxygenase (IDO) 
(Fig. 3C), a potent tumor immune suppressor 
(25), as well as complement receptor 1—related 
gene/protein y (Crry) (Fig. 3D), a complement- 
regulating protein that helps maintain self- 
tolerance and that can inhibit antitumor immunity 
(26). Blood vessel density appeared similar in all 
tumors (Fig. 3E), but some vessels in control and 
CCL21™£" tumors also expressed peripheral node 
addressin (PNAd), which is normally associ- 
ated with LN high endothelial venules (HEVs) 
(fig. SSC). 

Consistent with these LN-like stromal changes, 
CD45'CD3e CD4'RORyt" LTi cells were pref- 
erentially recruited to control and CCL21>2" 
tumors in a host CCR7-dependent manner, 
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Fig. 3. CCL21-expressing tumors develop stro- 
mal zones reminiscent of lymph node paracortex 
stroma. (A) Characteristic lymphoid stroma- 
associated markers gp38 (red), ER-TR7 (green), 
and LYVE-1 (cyan) in nondraining axillary lymph 
nodes and peripheral stromal zones of CCL21'™, 
control, and CCL21"3" tumors by confocal micros- 
copy at day 21 p.i. (B) Secretion of CCL21 (green) 
by gp38* (red) ER-TR7* (cyan) stromal cells in 
lymph nodes and tumors. (C) IDO (green) 
production in the gp38* (red) tumor stroma. 
(D) Expression of the complement regulating 
protein Crry (red) within stromal (ER-TR7, green) 
compartments of lymph nodes and tumors. (E) 
Blood (CD31*, red) and lymphatic (LYVE-1*, 
green) vessels in lymph nodes and tumors. In all 
images, nuclei are counterstained with 4’,6’- 
diamidino-2-phenylindole (DAPI), and dotted 
lines denote tumor (T)—dermis (D) border. LN, 
lymph node; C, capsule; P, paracortex. Scale bars, 
50 um. (F) Numbers of CD3e CD4*RORyt* LTi 


cells detected in tumors from wild-type (n > 3) or CCR7~ mice (control tumors only, n = 4). Bars show medians + SE. (G) Volumes of control tumors day 9 p.i. 
from wild-type C57/BL6 (n = 22), wild-type 129/P2 (n = 5), and LTi-deficient Rorc(yt)°""" mice (n = 4). Data represent means + SEM. 
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Fig. 4. CCL21 promotes survival of orthotopic and nonsyngeneic tumor 
allografts. (A) Growth rates for orthotopically implanted control-transfected 
and CCL21-overexpressing 8 tumor cells (8TC-control and BTC-CCL21""; n = 7). 
Data represent means + SEM. (B) Intratumoral T,., cells within control f tumors. 
Data represent means + SEM. (C) Volumes of CcL21", control, and CCL21"" 


both in wild-type mice (Fig. 3F and fig. S6A) 
and Rorc(yt)*/"? mice, which generate GFP- 
expressing LTi cells (23) (fig. S6B). In contrast, 
CCL21-enhanced tumor growth was absent in 
LTi-deficient Rore(y%"7” mice (Fig. 3G). 
Therefore, tumor expression of CCL21 was cor- 
related with LTi-cell recruitment, although it is 
not clear whether LTi-cell recruitment was re- 
quired for the CCL21-enhanced tumor growth 
and host immune tolerance observed. 

This host tolerogenic response to CCL21- 
secreting tumors could also be demonstrated with 
another murine tumor cell line, islet beta tumor 
cells (BTCs) (27), which, when transduced to 
stably overexpress CCL21, grew significantly 
larger and contained more Tyeg cells than control- 
transduced counterparts in syngeneic CS7BL/6 
mice (Fig. 4, A and B). In addition, CCL21 over- 
expression could even rescue nonsyngeneic 
allografts, including B16-F10 melanomas im- 
planted into BALB/C,129/P2 and S2 mice (Fig. 4, 
C and D). In these cases, we again found that, 
although CCL21'°” tumors grew poorly, control 
and CCL21"" tumors grew robustly. 

Taken together, these data suggest that CCL21 
secretion by tumors led to a tolerogenic tumor 
microenvironment with stromal features resem- 
bling those of the LN paracortex. Consistent 
with recent findings that LN stroma itself plays 
an important role in promoting tolerance to self- 
antigens (9), we hypothesize that tumor CCL21- 
driven mimicry of the LN stroma helps promote a 
tolerogenic switch in the host immune response. 

Several functions of CCL21 could help to 
drive the regulatory shift in the T cell popula- 
tions that we saw in CCL21-expressing tumors. 
CCL21 can recruit naive T cells to peripheral 
sites (15, 28) and can promote their differenti- 
ation into Tyeg cells while inducing effector T 
cell senescence (7). The coincident development 
of the specialized stroma in CCL21-expressing 
tumors might enhance both T cell trafficking into 
the tumor and their interactions with APCs or 
even the stromal cells themselves (9). Such inter- 
actions within the regulatory cytokine environment 
of the tumor may promote Tyeg cell activation and 
a further shift in the cytokine microenvironment 
toward one that is less immunogenic. 
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These changes are consistent with earlier 
reports that CCR7 signaling is required for the 
maintenance of peripheral self-tolerance (4, 7, 8), 
and with reports demonstrating promotion of dele- 
tional tolerance by the lymphoid stroma (9, 70). In 
contrast, CCL21 has also been associated with 
autoimmunity (7, /5), as it drives the formation 
of lymphocytic infiltrates and tertiary lymphoid 
structures. Such structures are characterized by B 
cell follicle formation (/4); however, we did not 
detect B cell clusters in the tumors examined here 
(fig. S4F). These conflicting reports (7) empha- 
size that the timing and context in which CCR7* 
leukocytes are recruited to the tumor, and the 
tumor cytokine environment, can modulate the 
outcome. Furthermore, it has been suggested that 
CCR7 ligands in the tumor might inhibit allo- 
graft rejection by entrapment of the APCs inside 
the tumor, which prevents them from migrating 
out to mount an immune response (/9), and which 
our data do not support (fig. S2). Instead, we 
found CCL21-expressing tumors could prevent 
rejection of a nonsyngeneic allograft. We propose 
that, whereas CCL21-secreting tumors attract 
MDSCs, Tyeg cells, and naive T cells to the tumor 
microenvironment, it also induces lymphoid-like 
stroma that can equip the developing tumor with a 
substrate to promote the induction of Teg cells 
and further guide naive T cell interactions with 
APCs, all under a regulatory cytokine milieu 
(fig. S7). These findings hold therapeutic signifi- 
cance, particularly to tumor vaccine strategies and 
to emerging antitumor immunotherapies utiliz- 
ing chemokines (including CCL21 and CCL19) 
(7) to functionally bias the recruited immune cell 
infiltrates within the tumor. 
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As the human life span increases, the number of people suffering from cognitive decline is rising 
dramatically. The mechanisms underlying age-associated memory impairment are, however, not 
understood. Here we show that memory disturbances in the aging brain of the mouse are associated with 
altered hippocampal chromatin plasticity. During learning, aged mice display a specific deregulation of 
histone H4 lysine 12 (H4K12) acetylation and fail to initiate a hippocampal gene expression program 
associated with memory consolidation. Restoration of physiological H4K12 acetylation reinstates the 
expression of learning-induced genes and leads to the recovery of cognitive abilities. Our data suggest 
that deregulated H4K12 acetylation may represent an early biomarker of an impaired genome- 
environment interaction in the aging mouse brain. 


number of studies indicate that aging 
Aci with brain region-specific 

changes of gene expression (/—4). It is, 
however, not well understood how aging affects 
gene expression and if those changes are causally 
linked to memory impairment. Remodeling of 
chromatin via histone acetylation, a key mecha- 
nism to control gene expression (5), has recently 
been implicated with the formation of long-term 
memories (6—/0). Therefore, we hypothesized 
that altered histone acetylation might contribute 
to age-associated changes in gene expression and 
cognitive decline. 

To detect an age at which cognitive impair- 
ment is first manifested, we subjected 3-, 8-, and 
16-month-old C57BL/6 mice, which have a 
mean life span of 26 to 28 months (//, /2), to 
contextual fear conditioning (0), a commonly 
used test for hippocampus-dependent associa- 
tive learning. Notably, the hippocampal forma- 
tion is intimately involved in cognitive function 
in rodents and humans and is among the first to 
be affected during dementia (/3). Whereas all 
groups were successfully able to learn this task, 
16-month-old mice showed significantly less 
freezing behavior during the memory test, 
which indicated impaired associative learning 
(fig. SLA). Additional groups of mice were trained 
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in the Morris water-maze protocol (/0), a well- 
established test for hippocampus-dependent spa- 
tial memory. All groups improved in their ability 
to find the hidden platform throughout the training 
trials, but the escape latency was significantly 
impaired in 16-month-old mice when compared 
with the 3- or 8-month-old groups (fig. S1B). 
Consistently, 16-month-old mice spent less time in 
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the target quadrant during a subsequent probe test 
(fig. S1C). Groups did not differ in finding a 
visible platform (fig. S1B), explorative behavior, 
or the response to a foot shock (fig. S1, D and E). 
Moreover, hippocampal levels of various markers 
for neuronal plasticity and integrity such as 
microtubule-associated protein 2, synaptoporin, 
postsynaptic density—95, synaptophysin (Svp), 
and glutamate receptor 1 were similar among 3- 
and 16-month-old mice (fig. S1, F and G). These 
findings suggest that the impairments in hippo- 
campus-dependent memory formation displayed 
by 16-month-old mice cannot be explained by 
major structural changes, altered exploratory 
behavior, or impaired response to foot shock. 

To test whether memory impairment corre- 
lates with altered chromatin plasticity, we first 
investigated whether hippocampal histone acety- 
lation differs between 3- and 16-month-old naive 
mice. Quantitative immunoblot analysis did not 
reveal significant changes of histone H3 acetyla- 
tion on lysine residues (K) 9 and 14 or H4 
acetylation on KS, 8, 12, or 16, which showed 
that the basal hippocampal histone acetylation 
profile is similar among 3- and 16-month-old 
naive mice (fig. S2). In line with these data, the 
levels and activity of histone acetyltransferases 
(HATs) and histone deacetylases (HDACs) were 
similar in 3- and 16-month-old mice (fig. S3). 

Recent data suggest that histone acetylation 
might play an important role in orchestrating the 
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Fig. 1. Impaired learning and memory in 16-month-old mice correlates with deregulated H4K12 
acetylation. (A) Representative immunoblot showing histone acetylation in 3-month-old mice in response 
to fear conditioning (FC). Control mice (c) were treated identically but did not receive the foot shock. (B) 
Quantification of (A). (C) Analysis similar to that described in (A) was performed in 16-month-old mice. 
(D) Quantification of (C). (**P < 0.01, *P < 0.05 versus control). n = four or five mice per group. Error bars 
indicate SEM. 
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gene expression program initiated by memory 
consolidation (8, /4). Therefore, we used quan- 
titative immunoblotting to analyze hippocampal 
histone acetylation in 3- and 16-month-old mice 
at 10, 30, and 60 min and 24 hours after exposure 
to the fear conditioning training (fig. S4A). When 
compared with the age-matched control group, 
3-month-old mice displayed a transient increase 
of H3K9 and H3K14 and H4K5, H4K8, and 
H4K 12 acetylation 60 min after fear conditioning 
(Fig. 1, A and B). A similar transient increase of 
H3K9, H3K14, H4K5, and H4K8 acetylation 
was observed in 16-month-old mice. Whereas 
H4KS acetylation was up-regulated 60 min after 
fear conditioning in both age groups, a significant 
increase of H4KS acetylation was already detect- 
able 30 min after fear conditioning in 16-month- 
old mice. These 16-month-old mice failed to 
up-regulate H4K12 acetylation (Fig. 1, C and D). 
These data were confirmed by immunohisto- 
chemical analysis (fig. S4). Moreover, the lev- 
els of total H4 did not change between groups 
(fig. S4), which showed that memory impairment 


correlates with a deficit in learning-induced H4K12 
acetylation in 16-month-old mice. 

To analyze if deregulated H4K12 acetylation 
impacts learning-induced gene expression, we 
performed a high-density oligonucleotide micro- 
array to compare the entire hippocampal gene 
expression profile of 3- and 16-month-old mice 
during memory consolidation (fig. SSA). To this 
end, 3- and 16-month-old mice were subjected to 
fear conditioning. Explorative behavior during 
the training and the response to the foot shock 
were similar among groups (fig. SSB). Animals 
that were not subjected to fear conditioning but 
otherwise were treated identically served as con- 
trols. Notably, the gene expression profile was 
nearly identical among 3- and 16-month-old con- 
trol mice (Fig. 2A and fig. S6). This is consistent 
with our finding that histone acetylation, HAT, 
and HDAC activities are similar among those 
groups (figs. S2 and S3). In 3-month-old mice, 
2229 genes (1980 up-regulated versus 449 down- 
regulated) were differentially expressed 1 hour 
after fear conditioning as compared with the age- 
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matched control group (Fig. 2A and table S1). 
However, the hippocampal transcriptome of 
16-month-old mice remained almost unchanged 
in response to fear conditioning. When com- 
pared with the age-matched control group, only 
six genes were differentially expressed among 
groups (Fig. 2A and fig. S7). 

Further analysis revealed that, in 3-month-old 
mice, 1539 of the differentially expressed genes 
were specifically linked to associative learning, 
hereafter called “learning-regulated genes” (fig. S8 
and tables S2 and S3). The learning-regulated 
genes were associated with biological processes 
such as transcription, protein modification, or 
intracellular signaling (fig. SSC and table S4). 
Additional data mining revealed that 3-month- 
old mice regulate key signaling pathways im- 
plicated with memory formation and synaptic 
remodeling in response to fear conditioning (fig. S9 
and table S5). Using quantitative polymerase 
chain reaction (qPCR) analysis, we confirmed 
the differential expression of genes selected to 
represent signaling pathways identified by data 
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was compared within the TSS region. (Top) Up-regulated 
genes, (middle) nonregulated genes, and (bottom) down- 
regulated genes. (D) H4K12 acetylation along the coding 
region, with top, middle, and bottom as in (C). (E) H4K12 
acetylation within the coding regions of genes analyzed in 
(B). Error bars indicate SEM. 
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mining (Fig. 2B and table S6). Our data reveal that 
16-month-old mice show severe impairment in 
regulating gene expression on exposure to relevant 
environmental stimuli that initiate learning behav- 
ior. As a result, key signaling pathways initiated 
in 3-month-old mice during associative learning 
are not properly regulated in 16-month-old mice. 

Next, we investigated how altered H4K12 
acetylation contributes to the lack of learning- 
induced gene expression in 16-month-old mice. 
We decided to take a genome-wide approach to 
analyze H4K12 acetylation of learning-regulated 
genes in 3- and 16-month-old mice after fear- 
conditioning. To this end, we used the recent- 
ly developed ChIP-seq technology (/5) that 
depends on the cross-linking of proteins to 
specific DNA elements, followed by immuno- 
precipitation of the protein-DNA complex and 
high-throughput sequencing of the recovered 
DNA (J6, 17). Hippocampal tissue isolated from 
3- and 16-month-old mice 1 hour after fear 
conditioning was subjected to H4K12 ChIP-seq 
(fig. S10). To generate a genome-wide map of 
H4K12 acetylation in the hippocampus of young 
and old mice during memory formation, the 
resulting reads were mapped to a reference 
mouse genome (fig. S10). 

We first examined H4K12 acetylation in the 
region spanning the transcription start site (TSS), 
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learning was enhanced in SAHA-treated mice (*P < 0.05, nine mice per group). Error bars indicate SEM. 
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which is essential for transcriptional initiation 
(1/6). To this end, we compared enrichment in 
H4K12 acetylation in 3- and 16-month-old mice 
at regions extending 1 kb upstream and 1 kb 
downstream of the TSS (hereafter, referred to as 
the TSS region) of (1) up-regulated genes, (2) 
randomly chosen genes that were not regulated 
upon fear conditioning, and (3) learning-regulated 
genes that were down-regulated (Fig. 2C, top, 
middle, and bottom, respectively). H4K 12 acety- 
lation of down- or nonregulated genes did not 
differ among groups (Fig. 2C). However, H4K 12 
acetylation of up-regulated genes was altered in 
16-month-old mice (Fig. 2C, top). Impaired 
H4K12 acetylation was specifically observed in 
the genomic region | kb downstream of the TSS 
(Fig. 2C), which marks the beginning of the 
gene-coding region. H4K12 acetylation 1 kb 
upstream of the TSS, a region that marks the 
gene promoter, was similar among groups. There- 
fore, we analyzed the distribution of H4K12 
acetylation within the coding regions of up-, 
non-, and down-regulated genes, as well as the 
genes individually analyzed in Fig. 2B (Fig. 2, 
D and E, and fig. S11). The levels of H4K12 
acetylation in up-regulated genes were lower in 
16-month-old mice than in the 3-month-old group. 
No difference was observed for non- and down- 
regulated genes (Fig. 2D). 
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ChIP-seq analysis of H3K9 acetylation did not 
reveal higher enrichment in 3-month-old compared 
with 16-month-old mice (fig. $12), which is in line 
with our findings that H4K12, but not H3K9, 
acetylation is deregulated in 16-month-old mice on 
fear conditioning (see also Fig. 1). A recent study 
showed that in blood cells H4K12 is mainly 
enriched within gene bodies and therefore associ- 
ated with transcriptional elongation, whereas other 
sites, such as H3K9, peak in the TSS region (/6). In 
line with this, we found that high levels of gene 
expression in the hippocampus also correlate with 
high levels of H4K12 acetylation along the coding 
regions of genes, whereas no such correlation was 
observed for H3K9 (fig. S13). These data suggest 
that the severe lack of learning-induced gene 
expression in 16-month-old mice is linked, at least 
in part, to deregulated H4K12 acetylation associ- 
ated with impaired transcriptional elongation of up- 
regulated genes. 

To analyze this in greater detail, we inves- 
tigated the Formin 2 gene, Fmn2, as an example. 
Formin 2 is an actin nucleator highly expressed 
in the adult brain (/8), and actin dynamics are of 
great importance for synaptic plasticity and 
memory formation (19, 20). Moreover, Fimn2 
was induced in 3-month-old, but not in 16- 
month-old, mice on fear conditioning (Fig. 2B), 
which correlated with impaired H4K12 acetyla- 
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Fig. 3. Intrahippocampal injection of SAHA restores 
H4K12 acetylation, gene expression, and learning 


behavior in 16-month-old mice. (A) Representative 
immunoblot showing the levels of hippocampal histone acetylation in vehicle or SAHA-treated mice. (B) Quantification of (A). H4K12 acetylation was 
significantly increased in the SAHA-treated mice after fear conditioning (*P < 0.05, four mice per group). A.U., arbitrary units. (C) H4K12 ChIP of coding region. 
SAHA-treatment increased learning-induced H4K12 acetylation in the coding regions of all investigated genes (*P < 0.05, four mice per group). (D) H4K12 ChIP 
of promoter region. SAHA-treatment increased learning-induced H4K12 acetylation in the formin 2 and Prkca promoter (*P < 0.05, four mice per group). (E) 
Gene expression. Increased learning-induced gene expression in 16-month-old mice treated with SAHA (P < 0.05, five or six mice per group). (F) Associative 
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tion throughout the coding region (Fig. 2E and 
fig. S11). We confirmed this finding using ChIP 
followed by qPCR analysis to show that H4K12 
acetylation of Fmn2 increases | hour after fear con- 
ditioning in 3-month-old, but not in 16-month-old, 
mice (fig. S14, A and B). The observed changes in 
H4K12 acetylation and mRNA expression trans- 
lated into differential protein production. Formin 
2 protein levels transiently increased in response 
to fear-conditioning in 3-month-old, but not in 
16-month-old, mice (fig. S14C). 

Next, we used mice lacking Fimn2 (21) to 
investigate its role in memory formation. These 
mice are viable and show normal brain anatomy 
(fig. S14D). Associative learning was similar 
among 3-month-old Fmn2 ~~ mice and wild-type 
littermates. However, 8-month-old Fmn2~“ mice 
showed impaired associative learning ability 
when compared with an age-matched control 
group (fig. S14E). Pain sensation, explorative 
behavior, and basal anxiety were similar among 
groups (fig. S14, F to H). These data suggest that 
reduced formin 2 levels contribute to age-related 
memory impairment. 

Nevertheless, the age-associated memory 
impairment in Fmn2” mice cannot be directly 
compared with memory impairment observed in 
wild-type mice. In 16-month-old wild-type mice 
expression of Fmn2, as well as those of the 1538 
other learning-regulated genes, is normal under 
basal conditions. However, these mice fail to in- 
crease the levels of learning-induced genes during 
associative learning. Therefore, we propose that 
rather than targeting the expression levels of a 
single candidate gene, elevation of H4K 12 acety- 
lation during aging might be a more efficient ap- 
proach to restore learning abilities. 

To test this hypothesis, we implanted micro- 
cannulae into the hippocampi of 16-month-old 
mice. One group of mice was injected with the 
potent HDAC inhibitor suberoylanilide hydroxa- 
mic acid (SAHA, 10 wg per hippocampus); the 
other group received vehicle solution. One hour 
after injection, mice were subjected to contextual 
fear conditioning and killed 1 hour later for 
molecular analysis. Mice that were injected with 
SAHA or vehicle and used for molecular analysis 
2 hours later without being subjected to fear 
conditioning served as additional control groups 
(fig. SISA). Notably, SAHA-treated mice showed 
significantly increased hippocampal H4K 12 acet- 
ylation after fear conditioning (Fig. 3, A and B). In 
line with this finding, we observed that, after fear 
conditioning, SAHA-treated mice displayed ele- 
vated H4K 12 acetylation in the coding regions of 
learning-regulated genes (Fig. 3C). The effect of 
SAHA on H4K12 acetylation in the promoter re- 
gions was less pronounced, which further supported 
a predominant role of H4K12 in transcriptional 
elongation (Fig. 3D). The expression of learning- 
regulated genes (table S5) was significantly higher 
in 16-month-old mice that were treated with 
SAHA before fear conditioning (Fig. 3E). 

These data suggest that increasing H4K12 
acetylation restores learning-induced gene ex- 


pression. This work may show relevance ther- 
apeutically for the treatment of age-associated 
memory impairment via the restoration of physio- 
logical expression levels for genes contributing to 
memory consolidation. Indeed, 16-month-old mice 
treated with SAHA showed facilitated associa- 
tive learning when compared with the vehicle 
group (Fig. 3F). The response to the foot shock, 
explorative behavior, and tone-dependent fear 
conditioning that is hippocampus independent 
were not affected (fig. S15, B to D), which 
showed that the SAHA-mediated increase of 
H4K12 acetylation is sufficient to restore asso- 
ciative learning in 16-month-old mice. Similar 
data were obtained using the pan-HDAC in- 
hibitor sodium butyrate (fig. S16), whereas ad- 
ministration of an HDAC inhibitor that failed 
to increase H4K12 acetylation in 16-month- 
old mice also failed to reinstate learning ability 
(fig. S17). 

In summary, our data suggest that deregulated 
H4K12 acetylation is causally involved in age- 
associated memory impairment. Although we 
cannot exclude that other histone modifications 
also contribute to this effect, recent studies 
support a unique role of H4K12 in the orchestra- 
tion of gene expression (/6). As such, H4K12 
acetylation seems to be of particular importance 
for transcriptional elongation that is characterized 
by high levels of histone modifications along 
gene bodies (/6, 22). Consistently, we show that 
deregulation of H4K12 acetylation in 16-month- 
old mice is mainly found along gene bodies of 
up-regulated genes. This may also explain why a 
deficit in H4K12 acetylation could mediate the 
observed profound effect on learning-regulated 
gene expression. As such, even in the presence 
of proper transcriptional initiation, further up- 
regulation of learning-regulated genes above 
baseline levels would be impaired when transcrip- 
tional elongation is affected. The precise mecha- 
nisms that underlie the selective deregulation of 
H4K12 acetylation in 16-month-old mice remain 
to be elucidated. It is likely that during aging a 
combination of multiple factors contributes to 
deregulated histone acetylation. Although we 
could not detect significant differences between 
changes in hippocampal HAT or HDAC activ- 
ity in 3-month-old versus 16-month-old mice 
(figs. S3 and S18), this does not exclude the 
possibility that specific HATs or HDACs con- 
tribute to deregulated gene expression and learn- 
ing impairment in 16-month-old mice. In fact, 
the HATs Myst4 and Gen5S12, as well as HDAC2 
and HDAC4, were differentially expressed in 
3-month-old, but not in 16-month-old, mice during 
memory formation (fig. S18 and table S3). Recent 
data showed that HDAC2 regulates memory 
formation (23). Moreover, small changes in the 
metabolic state of the cell may favor the dys- 
function of mechanisms that are engaged with 
H4K 12 acetylation. For example, a recent study 
demonstrated that histone acetylation critically 
depends on citrate levels (24), which are reduced 
in the aging brain (25) (fig. S19). 


In conclusion, we found that the administra- 
tion of HDAC inhibitors that shift the balance of 
H4K12 acetylation is able to reinstate learning- 
induced gene expression and memory function in 
16-month-old mice. Our data also suggest that 
H4K12 acetylation—dependent changes in gene 
expression may serve as an early biomarker for 
an impaired genome-environment interaction in 
the aging brain. 
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Sequential Checkpoints Govern 
Substrate Selection During 
Cotranslational Protein Targeting 


Xin Zhang, Rumana Rashid,* Kai Wang,t Shu-ou Shant 


Proper protein localization is essential for all cells. However, the precise mechanism by which high fidelity 
is achieved is not well understood for any protein-targeting pathway. To address this fundamental 
question, we investigated the signal recognition particle (SRP) pathway in Escherichia coli, which delivers 
proteins to the bacterial inner membrane through recognition of signal sequences on cargo proteins. 
Fidelity was thought to arise from the inability of SRP to bind strongly to incorrect cargos. Using 
biophysical assays, we found that incorrect cargos were also rejected through a series of checkpoints 
during subsequent steps of targeting. Thus, high fidelity of substrate selection is achieved through the 
cumulative effect of multiple checkpoints; this principle may be generally applicable to other pathways 


involving selective signal recognition. 


otranslational protein targeting is an essen- 
( tial and evolutionarily conserved pathway 

for delivering proteins to the eukaryotic 
endoplasmic reticulum, or the bacterial plasma 
membrane (/, 2). Targeting begins when the signal 
recognition particle (SRP) recognizes an N- 
terminal signal sequence on its cargo, a translating 
ribosome bearing a nascent polypeptide chain 
(RNC) (Fig. 1A, step 1) (-6). Cargo-loading 
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Fig. 1. Potential fidelity checkpoints in the SRP pathway. (A) Model for 
potential checkpoints during cotranslational protein targeting. A cargo 
(RNC) with a signal sequence (magenta) enters the pathway upon binding 
SRP and is either retained (black arrows) or rejected (red arrows) at each 
step (numbered 1 to 5). T and D denote GTP and GDP, respectively. (B) 
Signal sequence variants used in this study. Bold highlights the hydro- 
phobic core. Blue highlights the N-terminal signal sequence extension of 


MKQSTLAAAAAAALATPYVTKA 


MNKIYSLKYSHITGGLIAVSELSGRVSSRATG 
KKKHKRILALCFLGLLOSSYSFA 


MEDAKNIKKGPAPFYPLEDGT 


facilitates efficient interaction between the guano- 
sine triphosphatase (GTPase) domains of both the 
SRP and SRP receptor (SR) and stabilizes the 
SRP-SR complex in an early conformational state 
(step 2) (7, 8). The interactions of SR with the 
target membrane and the protein-conducting 
channel are proposed to induce dynamic rearrange- 
ments in the SRP-SR complex (4, 6, 8), first to 
form a guanosine triphosphate (GTP)-dependent 
closed complex (step 3), and then to activate GTP 
hydrolysis in the complex (step 4). These rear- 
rangements facilitate the unloading of cargo from 
SRP to the translocation machinery (steps 3 to 4) 
(4, 6, 8). In a productive targeting cycle, GTP is 
hydrolyzed after cargo unloading to drive the dis- 
assembly and recycling of SRP and SR (step 5) (9). 

How SRP ensures faithful delivery of correct 
cargos remains poorly understood. The SRP 


20-30 ~=—«40 
[RNC] (nM) 


JSTLALLLLLALLTPVTKA 
QSTLALLLLLALATPYVTKA 
MKQSTIALALLPLLFTS : 


100 
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0.1 
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1A9L 2A8L 3A7L EspP phoA 


EspP. (C and D) Equilibrium titrations of SRP-RNC binding. (C) RNCy,9, (©), 
RNC3q7, (@), and RNCgspp (#). (D) RNCohoa (#) and RNCiuciferase (@). Ky values 
were determined by nonlinear fits of data and are summarized in (E) and 
table $1. Error bars are SDs from three independent experiments. (E) Sum- 
mary of the binding affinities of SRP for different cargos. The dashed line 
denotes the cellular SRP concentration of 400 + 58 nM. Error bars are SDs 
from three independent experiments. 
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signal sequences are highly degenerate, and their 
difference from the signal sequences of non-SRP 
substrates is minor (/0). Thus, SRP must have 
evolved a strategy to remain highly specific to its 
substrates despite the “noise” in its recognition 
signal. “Incorrect” cargos were thought to be 
rejected because they bind weakly to the SRP 
(/1) (Fig. 1A, arrow a). To test this hypothesis, 
we systematically varied the signal sequence 
based on alkaline phosphatase (phoA) (10, 12-14). 
We replaced the hydrophobic core of the phoA 
signal sequence (Fig. 1B) with a combination of 
leucine and alanine, and varied the Leu/Ala ratio 
to generate signal sequences with different hydro- 
phobicity (12, 13, 15). Another incorrect cargo is 
the Escherichia coli autotransporter EspP. Although 
EspP contains a signal sequence with hydropho- 
bicity comparable to that of phoA-3A7L, it is not an 
SRP substrate because it has an unusual N-terminal 
extension (Fig. 1B) (/6). Firefly luciferase, a cyto- 
solic protein without signal sequences, was used as 
a negative control (Fig. 1B) (/2). For all the ex- 
periments, homogeneous stalled RNCs were 
purified and used as cargos (8, 7). 

We first tested the binding affinities of SRP 
for different cargos (Fig. 1A, step 1). RNC 
binding to SRP was detected as an increase in 
the fluorescence anisotropy of fluorescein-labeled 
SRP (C421). Cargos with the most hydrophobic 
signal sequences bound to SRP tightly (RNC; ao. 
and RNC},¢r), with equilibrium dissociation con- 
stants (Ky) of ~1 nM or less (Fig. 1C and fig. S1). 
The next strongest cargo, RNC3,7,, also exhibited 
strong, albeit attenuated binding to SRP, with Ky ~ 
10 nM (Fig. 1C), and cargos weaker than RNC, hoa 
bound SRP with Kg values higher by one order of 
magnitude. Nevertheless, the affinity of incorrect 
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cargos or the empty ribosome for SRP was still 
substantial, with Kg values of 80 to 100 nM (Fig. 1, 
D and E, and fig. S1) (/8). At the cellular SRP 
concentration of ~400 nM (Fig. 1E) (79), a sub- 
stantial amount of incorrect cargos could bind 
to SRP (20). Although EspP is not an SRP 
substrate, RNCpspp unexpectedly bound SRP as 
tightly as RNC3,7, (Fig. 1C). Thus, the differ- 
ences in cargo binding affinity do not provide 
sufficient discrimination against incorrect cargos, 
and additional factors in the bacterial cytosol did 
not increase the specificity of SRP-cargo bind- 
ing [fig. S2 and supporting online material (SOM) 
text] (2/). Hence, subsequent steps in the target- 
ing pathway, including formation of the SRP-SR 
complex and GTP hydrolysis, may provide addi- 
tional checkpoints to reject the incorrect cargos 
(Fig. 1A, red arrows b to d and SOM text) (22). 
We next tested whether the early SRP-SR 
complex is stabilized more strongly by the cor- 
rect than the incorrect cargo (Fig. 1A, arrow b). 
We assembled cargo-SRP-SR early complexes 
in the absence of nucleotides; this blocks the 
rearrangement of the GTPase complex to subse- 
quent conformations (7, 8). The equilibrium 
stabilities of the early complexes were measured 
using fluorescence resonance energy transfer 
(FRET) between donor- and acceptor-labeled 
SRP and SR (7). The early complex was signif- 
icantly stabilized by RNC,,or and RNCoagr, 
with a Ky of ~80 nM (Fig. 2A), and this stability 


was lowered by a factor of up to 50 for the weaker 
cargos (Fig. 2, B and C, and fig. $3). With in- 
correct cargos such as RNCggpp and RNChuciferases 
the FRET efficiency also plateaued at lower 
values, ~ 0.3 to 0.4 (Fig. 2, B and D, and fig. S3), 
compared with FRET efficiency of ~0.66 with 
the correct cargos (Fig. 2, A and D). Thus the 
SRP and SR are likely to be positioned differently 
in the early targeting complexes formed by the 
incorrect cargos. 

A mispositioned early complex would lead 
to a slower rearrangement to form the closed 
complex (Fig. 1A, step 3). To test this hypoth- 
esis, we preformed the early targeting complex 
and directly measured its rearrangement using 
acrylodan-labeled SRP (C235), which specifical- 
ly monitors the closed complex. With RNC; aor, 
this rearrangement occurred at 0.3 s | (Fig. 2E). 
RNC3,71, and RNC,,04 mediated this rearrange- 
ment with rate constants 40% slower than that of 
RNC, aor (Fig. 2G and fig. S4). Notably, the rate 
constants at which RNCg.)p and cargos weaker 
than RNCs,s5_ mediated this rearrangement were 
slower than that of RNC, ,o, by a factor of 5 
to 10 (Fig. 2, F and G, and fig. S4). Thus, in- 
correct cargos do not induce the formation of a 
stable and productive early complex and are 
more likely to exit the pathway prematurely 
(Fig. 1A, arrow b). 

The more favorable preequilibrium to form 
the early intermediate combined with the faster 
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early-to-closed rearrangement would allow the 
correct cargos to mediate faster GTP-dependent 
assembly of a stable closed complex (Fig. 1A, 
steps 2 and 3). We characterized this cumulative 
effect using both FRET (Fig. 3, A to C, and fig. 
S5, F and G) and acrylodan-labeled SRP (C235) 
(fig. S5). Both probes showed that the correct 
cargos mediated rapid assembly of the closed 
complex (Fig. 3A and fig. SSA), and this rate de- 
creased significantly with weaker signal sequences 
(Fig. 3, B and C, and fig. S5). Overall, there is a 
~10°-fold kinetic discrimination between the 
strongest and weakest cargos in stable SRP-SR 
complex assembly, which delivers the cargo to 
the membrane (Fig. 3C and fig. SSE). 

At the membrane, GTP hydrolysis could 
compete with the unloading of cargo. If GTP 
hydrolyzed too quickly in the SRP-SR complex, 
this would abort the targeting reaction before the 
cargo is productively unloaded (8, 23). To test 
whether the correct cargos prevent premature 
GTP hydrolysis better than the incorrect cargos 
(Fig. 1A, step 4), we determined the GTPase rates 
from the cargo-SRP-SR complex. RNC;,o9, and 
RNCyasr reproducibly delayed GTP hydrolysis 
by a factor of 6 to 8 compared with the rate in the 
absence of cargo (Fig. 3D and fig. S6). RNC3,7, 
also had an inhibitory effect on the GTPase re- 
action, reducing the GTPase rate by a factor of 3 
to 4 (fig. S6). In contrast, incorrect cargos such as 
RNCy,,p did not substantially affect the GTPase 
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Fig. 2. Correct cargos stabilize the early intermediate and mediate faster 
rearrangement to the closed complex. (A and B) Equilibrium titrations of 
the early-intermediate complex’s stability. (A) RNCza9, (@) and RNCzag, (™); 
(B) RNCgspp (#) and RNCiuciferase (@). Values of Ky and FRET end points were 
obtained from nonlinear fits of data and are also summarized table S1. 
Error bars are SDs from three independent experiments. (C and D) 
Summary of the Ky values (C) and FRET end points (D) of the early 
intermediates formed by different cargos. Error bars are SDs from three 


independent experiments. (E and F) Measurements of the early to closed 


rearrangement. The rearrangement rate constants were obtained from 
exponential fits of data and are summarized in (G) and table S1. Error bars are SDs from three independent experiments. (G) Summary of the rate constants for 
the early to closed rearrangement with different cargos. Error bars are SDs from three independent experiments. 
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rate (Fig. 3, E and F, and fig. S6). Thus, the fidelity 
of protein targeting can be further improved 
through kinetic proofreading mechanisms by using 
the energy of GTP hydrolysis (Fig. 1A, arrow d). 
Our data suggested a model in which the in- 
correct cargos are rejected not only through bind- 
ing affinity, but also through differences in the 
kinetics of SRP-SR complex assembly and GTP 
hydrolysis (Figs. 1A and 4A, top). On the basis 
of this model, we calculated the amount of sub- 
strates retained in the SRP pathway after each 
checkpoint (/4). The cargo-binding step was not 
sufficient to discriminate against incorrect cargos, 
allowing over 75% of them to enter the SRP path- 
way (Fig. 4A, light gray). During cargo delivery 
through SRP-SR complex assembly, a large frac- 
tion of substrates weaker than phoA were rejected 
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(Fig. 4A, dark gray). Finally, kinetic competition 
between GTP hydrolysis and cargo unloading 
further improved the discrimination between 
correct and incorrect substrates (Fig. 4A, black). 
To validate the model, we determined the target- 
ing efficiency of proteins with various signal se- 
quences, using a well-established assay that tests 
the ability of E. coli SRP and SR to mediate the 
cotranslational targeting of preproteins to micro- 
somal membranes (/4, 24, 25). Substrates with 
signal sequences stronger than 3A7L were effi- 
ciently targeted and translocated (Fig. 4B and fig. 
S7). In contrast, EspP and substrates with signal 
sequences weaker than phoA showed severe 
defects in translocation, and almost no transloca- 
tion was detected for phoA-8A2L (Fig. 4B). The 
experimentally determined protein-targeting effi- 


REPORTS 


ciencies agreed well with predictions based on 
the kinetic and thermodynamic measurements 
(Fig. 4C), which suggested that our model (Figs. 1A 
and 4A) faithfully represents how SRP handles 
its substrates. 

Thus, fidelity during cotranslational protein 
targeting is achieved through the cumulative 
effect of multiple checkpoints, by using a com- 
bination of binding, induced fit, and kinetic 
proofreading mechanisms (SOM text). Although 
the incorrect cargos are not completely rejected 
during the initial binding step, they are dis- 
criminated repeatedly during subsequent steps 
possibly because they bind the SRP in a less 
productive mode (6). In addition, the transloca- 
tion machinery provides another important check- 
point (26). Similar strategies of using multiple 
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Fig. 3. Correct cargos accelerate GTP-dependent complex formation but delay 
GTP hydrolysis. (A and B) Rate constants of SRP-SR complex assembly in the 
nonhydrolyzable GTP analog GMPPNP measured by FRET. (A) RNC,,o, (©) and 
RNCoper (™); (B) RNC3q71 (©), RNCohoa (@), RNCsasi (), and RNCuciferase (4). 
Values for k,,, were derived from linear fits of data and are summarized in part 
(©) and table S1. Error bars are SDs from three independent experiments. (C) 
Summary of GTP-dependent complex assembly rate constants with different 
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cargos. Error bars are SDs from three independent experiments. (D and E) 
Effects of cargo on GTP hydrolysis from the SRP-SR complex. (D) Without cargo 
(©), RNCya9 (#), and RNCs qs; (). (E) RNCespp () and RNCiciferase (#). Values 
of k-q¢ were obtained from Michaelis-Menten fits of data and are summarized in 
(F) and table $1. Error bars are SDs from three independent experiments. (F) 
Summary of GTPase rate constants in the presence of different cargos. Error 
bars are SDs from three independent experiments. 
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checkpoints to ensure fidelity have been demon- 
strated in transfer RNA synthetases (27), protein 
synthesis (28), and DNA and RNA polymerases 
(29, 30) and possibly represent a general princi- 
ple for complex cellular pathways that need to 
recognize degenerate signals or to discriminate 
between correct and incorrect substrates based 
on minor differences. 
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Dynamic Ca’*-Dependent 
Stimulation of Vesicle Fusion by 
Membrane-Anchored Synaptotagmin 1 


Han-Ki Lee,?* Yoosoo Yang,>* Zengliu Su,“* Changbong Hyeon,” Tae-Sun Lee,’ Hong-Won Lee,* 
Dae-Hyuk Kweon,? Yeon-Kyun Shin,*°+ Tae-Young Yoon*+ 


In neurons, synaptotagmin 1 (Syt1) is thought to mediate the fusion of synaptic vesicles with the 
plasma membrane when presynaptic Ca** levels rise. However, in vitro reconstitution experiments 
have failed to recapitulate key characteristics of Ca**-triggered membrane fusion. Using an 

in vitro single-vesicle fusion assay, we found that membrane-anchored Syt1 enhanced Ca?* 
sensitivity and fusion speed. This stimulatory activity of membrane-anchored Syt1 dropped as the 
Ca?* level rose beyond physiological levels. Thus, Syt1 requires the membrane anchor to stimulate 
vesicle fusion at physiological Ca** levels and may function as a dynamic presynaptic Ca** 
sensor to control the probability of neurotransmitter release. 


cells involves fusion of membrane-bounded 
compartments (/) and is mediated by the 
SNARE (soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor) proteins 


[anes membrane trafficking in eukaryotic 


found on both the vesicle (v-SNARE) and target 
membranes (t-SNARE) (2-4). In neurons, syn- 
aptotagmin | (Sytl) is a Ca”* sensor that interacts 
with SNAREs and membranes to mediate 
synaptic vesicle fusion, triggering synchronous 


Fig. 1. Membrane-anchored Syt1 stimulates single-vesicle A B 


docking using 10 uM Ca?*. (A) Exemplary images of single- 
vesicle FRET imaging. Fluorescence signals from single-vesicle 
complexes were separated with the threshold at 645 nm and 
detected as the donor and the acceptor channel signals, 
respectively (top). Each single-vesicle complex appearing as a 
Gaussian peak is identified (bottom). (B) Number of single- 
vesicle complexes formed between t- and v-vesicles under the 
conditions depicted. The surface-immobilized v-vesicles contain 
both v-SNARE and Syt1 (red bar) or only v-SNAREs (blue bar). 
*P < 0.05 and **P < 0.01, assessed using the paired f test, and 


all the errors are SD unless otherwise specified. 
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neurotransmission (3, 5, 6). Proteoliposome 
fusion mediated by the t- and v-SNARE proteins 
is a useful in vitro system (7) for dissecting the 
molecular functions of presynaptic fusion regu- 
lators, including Sytl (5, 6, 8). The soluble Sytl 
variant, which has the two cytoplasmic C2 
domains but lacks the transmembrane domain, 
has been the subject of extensive studies (9-/4). 
This “soluble C2AB” accelerates proteoliposome 
fusion to reach a time constant of about 10 s 
when 100 uM or | mM Ca” is added (13, /4). 
However, when the full-length, membrane- 
anchored Sytl is used, addition of the same levels 
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of Ca”* instead inhibits fusion (12, 15, 16). This 
membrane anchor is preserved in all isoforms of 
the Syt family except Syt17 (/7), suggesting that it 
plays an important role in regulating synaptic 


vesicle fusion. Understanding this currently hid- 
den role of the membrane anchor requires the 
study of Ca*-evoked vesicle fusion stimulated by 
membrane-anchored Syt1. 


B 


REPORTS 


Here, we used a single-vesicle fluorescence 
fusion assay to track the time course of individ- 
ual vesicle-vesicle fusion events (fig. S1) (18, 79). 
The assay involves one group of vesicles (called 
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Fig. 3. Membrane-anchored Syt1 is inactivated at 
sub-mM Ca2* levels. (A) Docking-number analysis 
for the Ca2* range between 10 and 100 uM Ca2*. (B 
to D) Fluorescence intensity analysis of the single- 
vesicle complexes. Single-vesicle complexes are 
placed on the graph plane (FRET efficiency, I, — Ip) 
to make a density plot (SOM text 2). The percentages 
of single-vesicle complexes between white and 
yellow lines, 0.49(I4 — Ip)max and 1.69(/, — Ip)max 
(rough estimates for 30% difference in size), are 
81.2% (50 uM) and 80.5% (100 uM Ca?*) (D). (E) 
Cumulative distributions of AT of single-vesicle 
fusion events for different molecular conditions 
(each based on three independent real-time movies). 
The total docking numbers are 1166 (blue), 2232 
(red), 1010 (purple), and 1272 (yellow), respectively. 
(F) The absolute number of subsecond full-fusion 
events (AT < 1 s) per imaging area, for different 
protein compositions and Ca** concentrations. 
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v-vesicles), containing v-SNARE, full-length Syt1 
and lipidic acceptor dyes, immobilized on an 
imaging surface. A second group of vesicles 
(t-vesicles), with the precomplex of tSNAREs 
and lipidic donor dyes, are mixed with a desired 
concentration of Ca?" and introduced for re- 
action via microfluidic buffer exchange. When 
the t-vesicles react with the surface-immobilized 
v-vesicles, a single-vesicle complex is formed that 
can be detected by an increase in the efficiency 
of the fluorescence resonance energy transfer 
(FRET) between the donor and acceptor dyes. 
Docking between t- and v-vesicles generates a 
FRET efficiency of less than 0.2, whereas the 
fully fused state generates 0.75 or higher (/8). 

We first analyzed the ability of membrane- 
anchored Sytl to stimulate SNARE-mediated 
single-vesicle docking using 1M Ca”* levels. 
After a 3-s reaction between the t- and v-vesicles, 
we counted the number of single-vesicle com- 
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2k ese 


plexes formed per imaging area (Fig. 1A and 
figs. S2 to S5). In the absence of Ca’*, Sytl 
increased the docking number by a factor of three 
(Fig. 1B). The stimulation of docking by Sytl 
was Ca?*-dependent, and there was another two- 
fold enhancement between 0 and 10 uM Ca” 
(Fig. 1B). We also tested whether this Syt1 effect 
on docking was strictly dependent on SNARE 
activity. We disabled the t-SNAREs using a 
SNARE-motif peptide of v-SNARE (sVAMP), 
which suppressed the docking number by as much 
as 90% (Fig. 1B). This observation indicates that 
Sytl’s stimulation essentially involves formation 
of the temary SNARE complexes (20-22). 

To control the late steps of neurotransmitter 
release, Sytl should have the capacity to catalyze 
the transition to the full-fusion state (3, 5, 6). To 
explore this possibility, we employed a real-time 
tracking approach, which followed the entire 
course of fusion events occurring in individual 
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single-vesicle complexes (Fig. 2, A to D, fig. S6, 
and movie S1). The time gap between the docking 
and full fusion, AZ, exclusively measured the 
full-fusion kinetics of an individual fusion event, 
separated from the docking kinetics (Fig. 2, A 
to D, and SOM text 1). When the v-vesicle con- 
tained only v-SNAREs, the cumulative plot 
of AT shows a single exponential distribution 
[three independent movies used for each plot 
(Fig. 2, E and F)]. Inclusion of Syt! without Ca** 
(Fig. 2E) created a small, fast-kinetic com- 
ponent (Fig. 2F, t; = 520 ms). When we added 
10 uM Ca** to this reaction with membrane- 
anchored Syt1 (Fig. 2E), the absolute population 
of the fast-kinetic component increased by a 
factor of 14 (Fig. 2F). This increase of the fast 
component was not simply due to docking en- 
hancement, but rather was the result of direct 
acceleration of the full-fusion kinetics (Fig. 2G 
and SOM text 1). Although it was shown that 
lipid mixing could occur without proper mixing 
of contents (23), this fast-fusion kinetics pro- 
vides convincing evidence that we have observed 
actual fusion events rather than slow lipid re- 
arrangements such as flip-flop transitions. Thus, 
in response to 10 uM Ca’’, the membrane- 
anchored Syt1 directly accelerates the full-fusion 
reaction, in addition to the docking kinetics. 

To determine what happens when the Ca?* 
concentration increases beyond 10 uM, we 
repeated the docking-number analysis while 
increasing Ca”" to 100 uM (Fig. 3, A to D). 
Unexpectedly, the population of single-vesicle 
complexes that peaked at 10 4M Ca?* dropped as 
the Ca’* level rose further, which was visible at 
25 4M Ca?” (Fig. 3A). At 100 uM Ca?*, the 
docking number became comparable to that 
obtained with no Ca* (Fig. 3A). In addition, 
the fluorescence intensity analyses excluded the 
possibility of multiple-vesicle aggregation at high 
Ca?* concentrations (Fig. 3, B to D, and SOM 
text 2). We also performed real-time tracking 
measurements with higher Ca** and found that 
100 uM Ca?* indeed cut down the catalysis of 
full-fusion states (Fig. 3E); the absolute popu- 
lation showing a full-fusion event was smaller 
than that of the 0 uM Ca" reaction and similar 
to that observed for the SNARE-only reaction 
without Sytl (Fig. 3E). Thus, at 100 uM Ca’, 
membrane-anchored Sytl is largely deactivated 
and loses its capacity to catalyze the full-fusion 
state (Fig. 3F). 

To study the physical mechanism of Sytl 
activity (Fig. 4), we weakened the interaction 
between Sytl and the cis-membrane by remov- 
ing negatively charged phosphatidylserine (PS) 
lipids from the v-vesicle membrane (9, /2, 24). 
Without the PS lipids in the cis-membrane, the 
docking stimulation by Syt1 lost the tendency to 
decrease up to 100 uM Ca** (Fig. 4A). On the 
other hand, when we decreased the phosphatidyl- 
inositol 4,5-bisphosphate (PIP>) lipids in the t- 
vesicle membrane from 6 (25) to 0.5 mole percent 
(mol %), the stimulatory effect of Sytl was abol- 
ished in the entire Ca*" range studied (Fig. 4A). 
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Thus, Sytl needs to interact with both the t- 
SNARE precomplex (Figs. 1B and 4A, sVAMP 
treatment) and PIP, on the transmembrane for 
its stimulatory effect, whereas the folding back 
of Sytl to the cis-membrane causes its inacti- 
vation (Fig. 4E) (12, 24). 

The data also suggest that the balance of 
Syt1’s cis- and trans-membrane interactions shifts 
dynamically as a function of Ca?* concentration. 
From the single-vesicle data (Fig. 4A), we 
presume two conformations of Sytl, cis- and 
trans-conformers, where only the trans-conformer 
stimulates fusion (SOM text 3 and fig. S7). The 
Ca**-dependent power shift between these two 
conformers could be explained by assigning 
different Ca** dissociation constants to the cis- 
(Kis) and trans-conformers (Ktans) (Fig. 4B), 
reminiscent of the classical Monod-Wyman- 
Changeux (MWC) model for protein allostery. 
Our model predicts a large anisotropy in the two 
dissociation constants; Kyans/Keis ~ 34 (Fig. 4B), 
indicating that at high Ca** levels where [Ca”")/ 
Kig>>1, Sytl predominantly partitions into the 
cis-conformer and becomes inactivated (Fig. 4E). 
Because the C2B domain exhibits a much larger 
Ca**-binding dissociation constant (5, /0, 26), it 
is tempting to speculate that the trans-conformer, 
critical for fusion stimulation, is predominantly 
mediated by the C2B domain. 

Finally, we observed that the presence of 
another divalent ion, Mg", affected the overall 
shape of the Ca*'-dependent stimulation pat- 
tern. Simply increasing the PS lipids in the cis- 
membrane to the physiological level of 15 mol % 
(27) pushed the stimulation peak to sub-uM Ca** 
levels, followed by a quick deactivation of Sytl 
that began at 1 uM Ca’ (fig. S8A). However, in 
the presence of physiological 1 mM Mg””, the 
stimulation peak at 10 1M Ca?" was restored 
(Fig. 4, B and C), probably due to the enhanced 
screening of electrostatic interactions by Mg** 
ions. Furthermore, this nonmonotonic docking pat- 
tern correlated well with up- and down-regulation 
of the ability of Syt1 to accelerate the full-fusion 
kinetics (fig. S8, B and C). Thus, the essential 
molecular activities of membrane-anchored Syt1 
can be reproduced under physiological charge 


conditions in the cis- and trans-membranes. 
Synaptic vesicles directly isolated from rat brain, 
which have native Syt1 and lipids, also show a 
deactivation behavior at 100 uM and | mM Ca?* 
(16). These observations collectively suggest 
that the dynamic Ca*'-dependent activity of 
Sytl would occur in physiological contexts. 

We have demonstrated that anchoring Sytl 
to a lipid membrane fundamentally changes its 
molecular activity. In the presynaptic active zone, 
tens of uM or even several uM of presynaptic 
Ca?” is sufficient to trigger strong neurotransmitter 
release (28, 29). The membrane-anchored Sytl 
reconstituted in our assay has a remarkable Ca?* 
sensitivity, responding to those Ca”* levels opera- 
tional at the presynaptic termini. In comparison, 
at the same effective concentration, we found that 
the soluble C2AB required one order of magni- 
tude higher Ca?* for docking stimulation and did 
not show any deactivation pattern up to 500 uM 
Ca** (SOM text 4). Thus, in addition to the en- 
hanced Ca’" sensitivity, Sytl’s membrane anchor 
seems to give it the Ca*’-dependent, nonmono- 
tonic activity. A simple use of sub-mM Ca”* only 
inactivates membrane-anchored Sytl, which may 
explain why previous in vitro studies failed to 
observe stimulatory effects with full-length Sytl. 
Our work suggests that Sytl modulates the 
probability of neurotransmitter release in response 
to the presynaptic Ca** levels and molecular 
composition of membranes, which may contrib- 
ute to the dynamic plasticity of neuronal 
communication. 
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